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ABSTRACT

ABSTRACT

In hot steel rolling the continuous exposure of metal to air produces a layer of
oxide scale on the surface of the steel. This layer of scale separates the work roll
from the metal substrate. Its behavior and features affect the roll bite tribology
and final quality of the product. This study aims to characterize the oxide scale
features and improve our understanding of the behavior of oxide scale during hot
rolling.
Oxide scale surface topography features and the morphology of scale layers were
analyzed by SEM, X-ray diffraction, optical microscopy, and AFM. The kinetics
of growth of the layer of scale of low-carbon steel and a mild-steel were carried
out on a Gleeble-3500 Thermal Mechanical Simulation System to simulate a hot
finishing strip mill. An investigation of scale growth on an as-supplied surface
proved that the growth of the original 21μm layer of scale decreased as the steel
oxidized further.
The effects of hot rolling on the surface roughness and oxide layers such as
reduction, roll speed, and entry temperature, were investigated to identify any
significant parameters. Hot rolling experiments were carried out on a HILLE-100
experimental rolling mill. Five lubricating modes were used in the rolling tests to
examine the deformation behavior of the oxide scale layer and changes to its
surface roughness, these included dry rolling and water, oil/water emulsions and
pure oil. The effects of the original ground sample surface roughness in
analyzing the outcome of surface features after hot rolling was also taken into
ii

ABSTRACT

account.
The surface profiles of the scale layer and the picked steel surface, where the
scale were removed with an inhibitor-added hydrochloric acid, were analyzed.
The temperature and reduction showed a significant change, i.e., the lower the
temperature the greater the reduction and less surface roughness. On the other
hand, rolling speed had a limited effect on surface roughness. The surface
roughness of the original sample affects the product profiles when reduction is
smaller than 35% and also, the effect of lubrication depends on reduction. The
effect of the thickness of the oxide scale on the roughness of the pickled surface
is affected by lubrication.
In this present study, the deformation behavior of oxide scale was investigated on
two types of scale, the primary at 330-512μm in thickness and the secondary at
41-80μm in thickness. After rolling, it was observed that the thickness of
secondary scale layer reduces more than the primary scale layer, while in turn the
latter reduces more than the metal substrates. AFM images and SEM results
demonstrate that the secondary oxide scale layer is a little ductile. Crack
developments in both primary and secondary scale were discussed according to
reduction and stalled rolling, respectively. It was found in the present study that
fresh metal extruded up the cracks in the secondary oxide scale but were unable
to touch the roll surface. An index γ was introduced to describe the secondary
oxide scale expansion property due to hot rolling.
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An inverse calculation of the coefficient of friction found no significant effect on
the coefficient of friction from the thickness of the secondary oxide scale layers
at the exit of the roll bite. Two empirical equations that correlate the coefficient
of friction μ with the reduction ε (%), roll speed v (m/s) and absolute
temperature T have been obtained.
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Chapter 1. Introduction

Chapter 1 Introduction

In a hot strip mill where the products are predominantly low carbon steel, slabs are
usually heated to a rolling temperature of approximately 1250°C while the last hot
working operation is often conducted above the upper cooling transformation
temperature Ar3 [1-3]. During hot strip processing the steel is always subjected to
an oxidizing environment and thus covered with layers of oxide scale. In the
meantime the surface temperature of the work roll fluctuates from 50-800°C due
to thermal conduction from the hot work-piece and friction heating at the
roll-strip interface and, is repeatedly cooled by roll coolant as well [4-7]. This
phenomenon affects the formation of oxide scale on the roll surface. The oxide
layers play an important role in the hot rolling operation and on the quality of the
products and are therefore a subject of great interest.
It is accepted that a well defined boundary condition is vital for producing an
accurate and reliable model for simulating hot metal processing [8-11, 17]. In hot
rolling characterizing the features of the scale is important because of its effect
on friction and heat transfer [12], and the resultant wear of tooling and work rolls
[13, 19]. On one hand the scale layers influence the transfer of heat between the
strip-roll interface [8, 15], where “the thermal conductivity of the oxide scale is a
factor of about 10-15 times less than that of the steel” [18]. On the other hand the
oxide scale is involved in high normal compressive stress from the work roll,
tension stress due to elongation of the steel, and shear stress between the roll and
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bulk material in the roll bite where the oxide scale is supposed to exhibit some
deformation. It is expected that the scale layers can act as a lubricant if they are
soft and ductile or abrasives in the three-body wear mechanism if they are hard
and brittle [20]. In recent years lubrication of the work roll has been widely
introduced into the hot strip rolling production line and due to an interaction
between many factors in the roll bite, the dynamics of the interface between the
roll/bulk material becomes rather complicated and will result in changes in the
roll forces, torques and power consumption, as well as overall roll wear and
quality of the strip surface [14,16]. Nevertheless, there are still more work to be
done to achieve a good understanding of the effect of oxide scale on the
tribological behavior in the roll bite.
Scale thickness is an important parameter for evaluating the behavior of oxide
scale in the roll bite because of its influence on the coefficient of friction and
mechanical properties [2, 21]. The process of hot strip rolling is quite complex,
as shown in Figure 1.1. Firstly, the slabs are re-heated up to 1250oC where,
during the soaking period, a 2-6mm so-called “primary” oxide scale layer is
generated on the surface [1-2, 21-22]. After being pushed from the reheating
furnace, the slab enters a high-pressured water spray de-scaling unit where the
primary scale is removed. The de-scaled work–piece is then subjected to
successive reductions in the “roughing stand(s)” where the hot metal is exposed
to air, water vapor, and work roll cooling water which promotes growth of a
“secondary” oxide scale on the surface. Due to similar cooling media in the
finishing train, tertiary scale develops on the hot surface after de-scaling at the
2
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entry of the finishing stands. The aforementioned atmosphere around the hot strip
mill gives rise to an even more aggressive condition than in dry air. This makes it
difficult to simulate the behavior of the oxidation of hot steel in a controlled
atmosphere similar to a hot strip production line. It has been suggested that the
thickness of both secondary oxide scale and tertiary scale layers is approximately
10-20μm [2, 23], but these values need to be confirmed.

Laminar cooling

Downcoilers

Finishing mill

Rolling direction

Crop shear

Descaler Coil box

Roughing and edging mill

Rolling direction

Reheating furnace

Primary descaler

Figure 1.1 Outline of a hot strip mill with coil-box on the transfer table

The deformation of oxide scale is an important subject in hot strip rolling. This
may depend on the thickness, the constitution of the layer, parameters such as
rolling speed and reduction and, most importantly, the temperature at which the
rolling operation is carried out [2, 11-12, 14, 20-21]. The mechanical properties
of oxide scale are definitely attributed to temperature [14, 24], at which there
exists a large gradient [8]. This makes it even more difficult to characterize
deformation behavior in hot steel rolling. Future work needs to be carried out to
estimate the strength and ductility of the layers of scale.
3
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Surface roughness is a core quality feature of hot rolled steel strip. When
subjected to pickling for subsequent cold rolling, the composition of the scale
and the structure and thickness of the hot rolled strip are factors affecting
performance [16, 25]. There are several kinds of surface defects related to oxide
scales in hot rolling; tertiary scale, porous scale or black scale from roll wear,
cause severe quality problems [26-27]. Red scale originated from the re-heating
furnace is affiliated to Si-added steel [23, 28]. In fact, the order of magnitude of
the influence of the oxide scale layers on surface roughness for lubricated rolling
conditions is still not fully known.
Little is known about the topography of the surface of the steel strip and how its
profile is transformed from pass to pass at elevated temperatures. In reality the
surface texture is determined by contact between the asperities of oxide scale and
the work roll, and the lubricant at the oxide layer and work roll interface. It has
been suggested that the scale can be thin, hot, and plastic at the entrance of a
conventional hot strip mill, or thicker, colder, and less plastic in the case of thin
strip casting/direct rolling [1, 27]. With thick scale that is less plastic, the
bending and tension stress from the roll bite angle and simultaneous elongation
with the bulk material, fractures the scale significantly. The scale particles are
embedded into the strip surface and hot metal is extruded outward, which results
in a rougher surface [1, 15, 17, 20, 27-29]. When the strip enters the finishing
mill after de-scaling the thin coating oxide layers elongate with the strip, while
continuing to grow. Due to the small bite angle in the finishing stands, it has been
assumed that there is little fracture taking place, and thus the flow of metal
4
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during this procedure tends to reduce surface roughness [1]. Whatever the role of
oxide scale is during deformation in the roll bite, the effect of rolling parameters
on surface roughness still needs further examination.
Due to a cyclic thermal working environment, a superficial oxide scale layer is
formed on the surface of the work roll which plays an important part in hot
rolling. The work roll oxides produce a complex friction condition at the
strip/roll interface while simultaneously acting as a protective layer minimizing
roll wear. It can be imagined that metal-to-metal, or metal-to-oxide contact
between the work roll and the hot strip will result in severe wear on the surface
of the roll. However, this surface deterioration occurs when a piece of the surface
comes off with the oxide film [19, 26]. It is important to understand roll surface
topography and the morphology of the oxide on the roll surface, but this is
beyond the scope of this thesis
The aim of the present work is to characterize the features of the oxide scale on
low carbon steel strip in hot rolling: (i) the kinetics of oxide scale growth on two
carbon steels featuring different carbon and silicon contents, (ii) the deformation
behavior of oxide scales of two different magnitudes under various rolling
conditions, (iii) surface profile transformation after hot rolling, and (iv) friction
in the roll bite.
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Chapter 2 Literature Review and Scope of Work in
the Present Study

2.1 Morphology of oxide scale
Oxidation of iron has been extensively investigated and is well understood
[32-36]. When iron is oxidized in air at elevated temperatures, layers of oxide
scale are formed on top of the metal surface. It has been suggested that the
composition of the scale layers is temperature dependent [1, 29]. According to
the iron-oxygen phase diagram [34, 37], there is no wustite (FeO) produced if
iron is oxidized below 570 oC (Figure 2.1 (a)). A two-layer scale of magnetite
(Fe3O4) and hematite (Fe2O3) are expected to form below this temperature with
magnetite next to the metal. When the oxidation temperature is above 570 oC, a
series of oxide layers consisting of FeO, Fe3O4 and Fe2O3 form with FeO next to
the metal. Paidassi [36] carried out oxidation tests on pure iron in air, in the
temperature range of 700-1250 oC, to examine the growth rate of the scale. He
measured the scale thickness and found that the average thickness ratios of
wustite/magnetite/hematite were roughly 95:4:1. This result was later confirmed
by Mrowec and Przybylski [32]. Tominaga and Yoshimura et al [37] investigated
the mole fraction of the three oxides as a function of temperature (Figure 2.1 (b)),
and provided detailed information of compositional changes of the oxides with
temperature, when iron oxidizes in air.
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Figure 2.1 Oxides phase and composition at elevated temperature [34, 37]
(a) Fe-O equilibrium phase diagram; (b) Mole fraction of three oxides as a
function of temperature
Oxidation is a matter of interest especially when hot forming steel; in fact the alloy
elements will play an important role on the scale/substrate interface. Because the
hot rolling operation is normally carried out between 750 and 1150oC, a great deal
of effort has been placed on the morphology of oxide scale layers in this
temperature range. When low carbon rimming steel is isothermally oxidized in air
at 600°C, three iron oxide phases, Fe2O3, Fe3O4 and FeO, are found on top of the
steel [38]. Shaesby et al. [39] investigated the role and morphology of the scale
formed on the surface of a low carbon steel at 1200°C in different gas mixtures. It
is reported that the carbon content significantly affects the metal/scale interface.
Pores were found to migrate away from the interface to form an isolated scanty in
the oxide scale layers. Taniguchi et al [40] examined the influence of the Si content
on the characteristics of the metal/scale interface by an oxidation test in static air. It
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was found that a layer of micropores was formed near the substrate when there is
silicon in the steel. In the meantime the large micropores increase in size when the
silicon content increases.
In the hot processing operation the scale layers on surface will be deformed [41]. It
has been reported in [42] and in the present study [43] that the wustite will
decompose to magnetite when it is cooled to temperatures below 570°C. It is also
reported that wustite reaches maximum transformation rate at 400-470°C [37].
Furthermore, at a temperature lower than 400oC, the lattice constant of wustite

,Å

becomes larger. After that, it transforms to Fe3O4, as shown in Figure 2.2 [37].

Figure 2.2 Changes in FeO lattice constant (200) [37]
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It is noted that wustite’s crystal structure has 5-16% defects of Fe-atoms,
implying that it is the softest phase of the three scales. This will result in a
complex condition for the morphology of the oxide scales which makes it difficult
to identify individual components by measuring their position within each layer or
by calculating their weight. In the meantime, the strength or hardness of the
oxides will be influenced greatly because of wustite’s decomposition at room
temperature. The different phases in the oxide scale layer may be distinguished by
using Electron Back Scattered Diffraction EBSD technology [41].
2.2 Kinetics for oxide scale growth
Most metals tend to form oxides at both low and high temperatures. The
mechanism for the oxidation of metals has been well interpreted in [34-35, 44].
Once the reactant of the gas and metal has been produced a protective layer
separates the metal from the gaseous oxygen and inhibits further oxide formation,
this requires either diffusion of metal or oxygen through the oxide layers. It is
assumed that “ionic and electronic transport processes through the oxide are
accompanied by ionizing phase boundary reactions and formation of new oxide at
a site whose position depends on whether cations or anions are transported through
the oxide layer” [34]. For the oxidation process to proceed further, different scale
growth laws may characterize the engineering materials under certain conditions.
Kubaschewski and Hopkins [45] summarized the kinetics theory of oxide growth
with respect to time. The suggested relationship between oxidation and time in
terms of an increase in weight and the oxidation period include linear, parabolic,
and logarithmic (or exponential) relationships and, according to experimental
9
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values, a cubic relationship has occasionally been found [45]. They pointed out
that combinations of two or more of the above-mentioned relationships may exist
in a single oxidation-time profile. Table 2.1 illustrates the oxidation-time
relationship of a number of metals when oxidizing at various temperatures in air or
oxygen. According to the observed results [34, 38, 46-47], it can be concluded that
the oxidation temperature, the chemical composition of the bulk material, the
oxidation medium, and even the oxidation period, are all decisive factors when
considering the oxidation kinetics of metal and its alloys.

2.2.1 Oxidation of metals at low temperatures
It has already been mentioned that the process of oxidation on metal surfaces
requires mass diffusion across the scale layer [44-45, 48-49]. Theoretically the
expression of the diffusion rate versus temperature is exponential [45, 49]. It can
be seen from Table 1 that most cases of oxidation rate in the low temperature range
are treated as logarithmic functions [45, 48-49]. For example, it is reported that the
logarithmic law is observed when iron is oxidized in air at temperatures below
200°C [46]. The fact is that the logarithmic rate laws characterizes the oxidation
behavior under some conditions, such as temperatures up to 400°C with an initial
oxide formation up to 1000 Å [34].
However, an explanation of the growth of scale thickness remains contradictory
when considering a thin film case at the low or intermediate temperature region of
300-600oC [44]. O’Reilly et al. [50] reported that the reaction kinetics of bulk
copper oxidized in dry synthetic air with a flow rate of 20ml/min at 250-500 oC
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follows a cubic law. Research results on engineering materials, including low
carbon steel and a series of alloys, found that certain oxide scale growth
mechanisms apply under different oxidation conditions [51-53].

Table 2.1 Oxidation-time relationship of a numbers of metals when oxidizing
at various temperatures [45]

Abbr. in the table:

log-logarithmic; inv.log-inverse logarithmic; par-parabolic;
paralin-parabolic linear; asym-asymptotic; accel-accelerated

In the early stage when metal is oxidized in a rarefied atmosphere or dilute gases,
oxidation will proceed at a constant rate and the linear law governs the reaction
process. The transition from linear to parabolic law occurs when the scale layer
grows thicker, at which “the transport of ions across the scale becomes the rate
11
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controlling process and the rate falls with time according to a parabolic rate law
[34].”

2.2.2 Parabolic laws

In practice the mechanism of parabolic oxidation is a well understood oxidation
rate relationship [45]. It is widely observed that for engineering metals and their
alloys in the intermediate and high temperature range, the phase boundary grows
quite fast and is controlled either by ion or electron diffusion through an oxide
layer already formed [14, 38, 49, 51-58]. Moreover, the kinetics of oxide scale
growth is commonly perceived to follow an exponential relationship with regard to
temperature, and a parabolic relationship with respect to time [1, 45, 49, 54-55].
Characterizing oxide growth on steel was accounted for the majority of the studies
[53-54, 57-58].
A general form of the parabolic equation may be applied as follows:

ξ 2 = k 'p ⋅ t + C
where

ξ

is scale thickness, t oxidation time,

(2.1)

k 'p the rate constant and C a

constants ( C = 0 when the surface is free of oxides). The rate constant k 'p is
expected to obey Arrhenius’ equation [45]:

k 'p = A ⋅ e − Q / RT

(2.2)

where Q is the “activity energy”, R the universal gas constant (8.314
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J·mol-1·K-1) and A constant. Paidassi [34] characterized growth rates above
700oC of the three oxide layers of pure iron by micro-graphical work in terms of
scale thickness and found:
FeO: k 'p = 5.75e − 40500 / RT cm2s-1
Fe3O4: k 'p = 1.05 × 10 − 2 e − 40500 / RT cm2s-1

(2.3)

Fe2O3: k 'p = 5.4 × 10 − 4 e − 40500 / RT cm2s-1
The overall growth layers of oxide on top of the iron are obtained as [34]:

k 'p = 6.1e − 40500 / RT cm2s-1

(2.4)

Many earlier works were well reviewed in Kubaschewski and Hopkins’s book
[45]. Stanley et al. presented the rate constant equation for pure iron at 500-1100oC
in terms of scale weight gain [59]:

k p = 0.37e − 33000 / RT g2cm-4s-1

(2.5)

The above results were substantially confirmed by Paidassi’s experimental results
[36, 60], which also indicated a much lower parabolic rate constant, especially at
the lower temperature range (400-600 oC).
Sheasby [39] reported in a later study on the rationale of scale growth on steel that,
“the parabolic growth rate in terms of thickness is independent of scale porosity,
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the composition of the furnace gas containing some free oxygen, and the
composition of the iron or the low alloy or medium carbon steel”. In recent studies
of the oxidation kinetics by the weight gain method on mild steel and Nb
micro-alloyed steel, Munther and Lenard [14] described the scale index (mg/cm2)
in terms of the activation energy for scale formation and assumed the parabolic
form equations (2.1-2.2). They derived the activation energy by calculating the
logarithm of the scale index (mg/cm2) as a function of temperature.

2.2.3 The influence of chemical composition and atmosphere on oxidation
kinetics
The effects of alloying elements and oxidation media on the scale growth rate have
been investigated extensively. Recent studies have focused on the oxidation
behavior of ferrite alloys, especially corrosion- and oxidation- resistant materials
[38, 40, 53, 56, 58-59, 61-65]. It has been made clear in [60] that it is not easy to
determine precisely what particular effects are due to a single addition of the metal
elements. For example, a small addition of Molybdenum (up to a few percent) will
improve the oxidation resistance of iron at 600-1000oC [45] but a thicker scale was
found on Mo-Mn steel compared with Si-Mn steel [66]. The fact is that the effect
of an alloying element is further complicated by the mixture of components in the
alloy. In the meantime, the oxidation environment [1], such as the gas surrounding
the steel will, with the alloy elements, play an important role on the oxidation
behavior of metals and their alloys.
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Figure 2.3 Fe-C phase diagrams [172]
In hot rolling, steels are to be processed at elevated temperatures, normally at
800-1150oC. The steel’s crystal structure is austenite and/or austenite plus ferrite
phase, as shown in Figure 2.3 [172]. Body-Centered Cubic (bcc) temperatures of
mild steel and low-carbon steel are among 860-890oC. Above this temperature,
steel structure is Face-Centred Cubic (fcc). In the hot rolling temperature zone,
mild steel as an example, crystal structure is fcc and/or fcc+bcc. Re-arrangement
of carbon in steel phase will inevitably affect oxidation behavior due to the
decarburization of the alloy and the formation of carbon monoxide [45]. It is
believed that the reaction of carbon with oxygen around the surface of hot metal
will produce CO as a reactant and thus produce an insulated film between the
metal and oxidizing gas. It was indicated in [1, 45] that the scale growth rate will
be slowed down if there is no crack created in the scales but this will increase if
cracks are formed due to CO gas pressure at high temperature and a high carbon
content. However, Sheasby [39] concluded by experiments that there is no rational
relationship between the parabolic scale growth rate and the carbon content
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because even medium gaps exist in the scale layers.
Silicon is preferentially oxidized in steel [1]. Due to its low diffusion rate in the
oxide layer, there is an excess of silicon in the layer close to the metal surface
compared to the metal body [45]. It is generally accepted that a higher silicon
concentration (3-10%) increases the oxidation resistance at 890-1000oC while a
lower silicon content has less influence on the oxidation rate [45]. In engineering,
a silicon content of 0.25% in silicon-killed steel is sufficient to form a pool of
silicon oxides that will increase adhesion of the scale to steel to some extent, and
help lower the scale growth rate. When silicon reacts with oxygen, a separate
phase, fayalite (Fe2SiO4) that melts at 1171oC, is formed in the scale layer. This
liquid layer will penetrate into the scale and the substrate; the higher the silicon
content the deeper the penetration. It has been pointed out in Ref. [40] that the
protective effect of silicon will disappear when the molten phase is formed and the
scale growth rate will increase sharply.

2.2.4 Experiments on oxidation kinetics

In order to assess the oxidation kinetics and mechanics of the reaction between
oxygen and a metal, an experimental procedure should be carried out under a
specific set of exposure parameters which include the oxidation temperature,
medium pressure, gas composition, and oxidation time. Although the procedure
seems to be simple, there are still some difficulties in accomplishing an acceptable
test. The problem is that the starting and ending time is difficult to control quickly,
especially when a short oxidation period is needed. For example, the inter-stand
16

Chapter 2. Literature Review and Scope of Work in the Present Study

traveling time for a specific slab section in the finishing stands of a hot strip mill
could be around half a second [3]. In the meantime, the oxidation medium should
be controlled as close as that in practice because any transition period will
influence the final experimental results.
There are two ways of evaluating the oxidation kinetics of metals [34], namely the
continuous and discontinuous method. In the discontinuous method, samples are
weighed and measured before testing and are then exposed to a certain atmosphere
at a specified temperature for a given period of time. When oxidation is completed,
the samples are removed and measured by either the mass gain, which is the
oxygen absorbed into the sample during oxidation, or by noticing the mass loss on
the peeled samples. This method does have some disadvantages because many
samples are needed to plot a full kinetics of the oxidation and in the meantime,
results from sample to sample may not be consistent. With the discontinuous
method, measuring the scale thickness at room temperature can introduce
inaccuracies due to cracks, pores, and spallation during cooling, and may cause an
over–estimation scale growth [14, 39]. A thermo-gravimetric method has been the
most effective instrument for measuring the continuous rate of oxidation [27, 39],
by either monitoring gas consumption or mass gain on the oxidized sample.

Whichever method is used to measure scale thickness, oxidized samples are to be
examined by metallographic features. The procedures for preparing the samples
are detailed in Refs. [34, 41]. In the meantime, capacitance-voltage measurement
is capable of providing a simple determination of oxide scale thickness [67].
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2.3 Tribological effect of oxide scale in the roll bite

2.3.1 Lubrication and friction

Heshmat et al [68] has reported that any material between two contacting surfaces
should be considered as a lubricant. The role of oxide scale in hot steel rolling in
reducing friction in the roll bite has been well accepted [9, 14, 29, 69]. The
lubricating effect of oxide scale was found even when there was no external
emulsion applied. It is claimed that the normal roughness of the roll surface and
degree of oxide scale can account for the force separating the roll to a magnitude of
44% and for torque up to 58% [69]. Regarding the effect that oxide scale has on
friction, a great deal of effort has been carried out on the relative influence of scale
thickness because it is considered the significant parameter; however, previous
experimental results have been quite controversial.

Yu and Lenard [2] investigated the influence of oxide scale on the coefficient of
friction in hot steel rolling. The coefficient of friction was determined by Geleji’s
formula in [70]:

μ = 0.369 − 0.0006ξ exit

(2.6)

where ξ exit is the scale thickness which varies from several microns to about 70
microns at the roll bite exit. The above result was obtained when the rolling
operation was carried out at reduction from 10-50%, rolling speed from
70-780mm/s and the steel bar entry temperatures varied from 800-1000oC. The
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equation indicates that the thicker the oxide scale the smaller will be the friction
coefficient. This is in agreement with the result of a hot steel rolling test [14] and
with work by Blazevic [29]. On the other hand, when the scale is thin it cannot act
as a lubricant because it adheres to the substrate [14, 21, 29, 71]. Nevertheless,
Keung et al. reported no consistent correlation between scale thickness and the
friction factor in forging [72]. When Schey and Wallace [73] investigated different
lubrication conditions in hot forging they concluded that a thinner scale produces
lower friction.
Experimental studies by Li and Sellars [74] indicated that, in hot steel rolling, the
load significantly affects the coefficient of friction. In fact the coefficient of
friction in the roll bite is influenced by the material properties and rolling
parameters, including reduction, rolling speed and temperature [2, 71, 75]. It is
assumed that the physical properties of the oxide scale layers also affect the
coefficient of friction. Wustite undergoes a large reduction in strength in the
temperature range 700-900oC [76] which may reduce friction in that temperature
range [77]. Luong and Heijkoop [9] carried out an extensive investigation of the
influence of oxide scale on friction in hot metal with a hot ring forging test. They
pointed out that a number of factors, including porosity, oxides present in the
layer, and the chemical composition of the steel that would influence the formation
of wustite, determines the strength of the oxides and therefore the coefficient of
friction. They added that wustite does not necessarily reduce friction any more
than the other iron oxides.
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Vergne et al. [58] applied a high temperature pin on a disc tribometer test to study
the friction regimes associated with oxide scales. The result confirms that oxide
scales play a lubricating role when in contact. Two friction regimes were observed
by analyzing the evolution of the coefficient of friction during high temperature
experiments (950oC). It was concluded that “low friction variation occurs when
the oxide scale is already formed on the pin before sliding while large friction
variation happens when the pin oxide scale grows during sliding”.
2.3.2 Tool wear
It is well accepted that the oxide scale helps to reduce wear by protecting against
loss of metal due to mechanical damage [18], especially when metal and alloys are
in sliding contact. In hot steel rolling, however, the role of oxide scale is rather
complicated because it depends on the nature and mechanical properties of the
oxides [9, 76-77, 79].
There are four factors believed to be responsible for wear of the work roll during
hot steel rolling. They include surface abrasion, mechanical fatigue, thermal
fatigue, and corrosion [1, 6, 13]. Oxide scale is beneficial for the tool surface when
it acts as a lubricant in hot metal forming but it becomes abrasive if it is comes off
the work-piece and causes damage to the tool surface [9]. In hot strip rolling, the
proportion of Fe3O4 and Fe2O3 in the tertiary scale determines the amount of roll
wear. Roll wear can be reduced by controlling the temperatures of the strip surface
and significantly improve roll life [13].
Oxide scale on the roll surface plays a major role in oxide-to-oxide contact [80]. It
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reduces the coefficient of friction between the roll and the rolled materials if it is
compact and adhesive, but a growing scale layer may cause surface deterioration
and breakdown of the work roll if it reaches a certain thickness. A detailed review
of the effect of oxide scale on the surface of a work roll will be cited later. It should
be pointed out that the surface quality of a product is also influenced to a great
extent by inlaying scale on top of the work roll [26].
2.4 Effect of scale on heat transfer
Temperature evolution and heat transfer in the hot metal forming process has
always been a topic of interest for many researchers. Furthermore, the temperature
profile of a work roll is an important issue when it encounters a large heat flux
from conduction from the stock and friction when in contact with the hot steel
[81-89]. In hot strip rolling, the layers of scale on top of the hot steel makes the
question even more complicated [8, 15, 81-83]. In fact, large temperature
gradients exist on the surface of the work-piece and in the scale layers [3,8, 90-96].
First of all, the heat transfer coefficient is one of the important parameters that
affect temperature changes in the hot steel. So far, it has been well accepted that
the heat transfer coefficient depends on the hot processing parameters, which
include temperature, reduction, rolling speed, rolling load, lubrication, properties
of the roll and the rolled materials, surface roughness, and also the thickness of
oxide scale. Chen et al. [97] reported that the heat transfer coefficient increases
with rolling speed, mill loads, and decreasing temperature. Wankhede and
Samarasekera [98] attributed the effect of other rolling variables on the interfacial
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heat-transfer coefficient to their influence on the pressure, and presented an
empirical relationship between the heat-transfer coefficient and roll pressure.
Lubrication is another important factor that influences the heat transfer coefficient
on a large scale. Davidas et al. [99] used a mathematical model to analyze the
heat-transfer coefficient and temperature changes in the roll gap. Their results
indicate that the heat-transfer coefficient in un-lubricated rolling is almost twice as
great as in lubricated rolling, confirming the data of Murata et al. [100].
The existence of an oxide layer is certainly a factor that plays an important role on
the heat transfer coefficient. Karagiozis and Lenard [101] examined the
temperature distribution in the roll gap during the hot rolling of slabs. Although the
thickness of the scales was not monitored in their tests, the thickness of the scale
layer was thought to be uniform because the heating process was consistently
controlled. However, since the heating process was uniform, so it was the layer of
scale. Jaklič and Glogovac [102] proved that the scale on the surface of a hot billet
significantly affects the distribution of temperature when they simulated heat
transfer during rolling. In their recent studies on the effect of scaling and emulsion
on the transfer of heat during hot steel strip rolling, Shirizly and Lenard [86, 103]
reported that the heat transfer coefficient increases as the scale thickness decreases
when the initial oxide scale (primary) thickness, before rolling, is between
10-400μm. Also, it increases with increasing roll pressure and drops with a high
entry temperature.
According to the above hypothesis, Shirizly and Lenard [103] presented a model
that correlates the dimensionless heat-transfer coefficient as a function of
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temperature loss in the rolling pass, in the form of

αT
PΔv

vs ΔT , where

α , T , P, Δv and ΔT are, respectively, heat transfer coefficient, average pass
temperature, pressure, relative speed and temperature loss. However, it is difficult
to quantify the effect of scale thickness on the heat transfer coefficient.
Alternatively, the heat transfer coefficient has been found to be quite different for
unlike deformation patterns [104]. It seems to be higher in rolling than in
compression, because the oxide scale thickness ranged from 180 to 360μm.
2.5 Deformation behavior and mechanical properties of oxide scales
2.5.1 Factors affecting the oxide scale properties and deformation behavior
The mechanical properties of the oxide scale layer are important factors when
considering the tribological contact in the roll bite, the heat transfer behavior of the
hot metal stock, and the surface quality of the product. It is expected that the
properties of the oxide scale depend on temperature, strain and a strain rate similar
to other materials, its phase constitution, and its steel chemical composition [2, 14,
22, 30, 39, 57, 77, 105-106]. As shown in Figure 2.1 (a), the formation of the
three oxides is depended on the oxygen content. In practice, however, it is
difficult to determine the mechanical properties of the oxide scale layers.
In a hot strip production line where the scale thickness varies from several
millimeters to about 10 microns [1-2, 14, 22, 54], the effect of the environment on
the oxide scale property is complicated. During hot strip processing the oxide
scale is repeatedly subjected to water jet de-scaling in the roughing stands and
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before the finishing, and water spray flushing between the finishing stands. The
temperature of the scale is affected by heat loss from radiation and convection in
the surrounding environment, and cooling water and thermal conduction when in
the roll bite. In the meantime, the scale is also heated by the hot metal underneath.
During a rolling pass the scale endures a complex stress state which includes, (i)
normal compression pressure from the work roll, (ii) shearing stress due to the
relative speed between the oxide and the roll surface and relative sliding between
the oxide and the deforming bulk steel material, (iii) tension in the rolling
direction due to the product elongating, and (iv) bending stress when the scale and
the strip is deformed [1-2]. As a whole, the scale layer is expected to be a product
of continuously self-repairing process [1]. The inner scale can be porous due to the
wet oxidizing medium [57].
2.5.2 Investigation methodology
Due to the difficulties of controlling and measuring the temperature within the
oxide scale layers in a rolling process, it has been claimed to be impossible to
evaluate the mechanical properties of the scale directly from a hot rolling test [11].
Alternative methods have been employed to investigate the mechanical properties
and deformation behavior of the oxide scale.
A compression test on scale formed in an industrial reheating furnace was carried
out by Lenard et al. [22]. In this simulated test, strain, and strain rate had to be
limited to certain values due to the brittleness of the scale. However, furnace scale
is normally porous and its phase compositions could be very different from those
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of secondary or tertiary scales existing on top of the steel surface in a hot strip mill.
However, a gain in knowledge from the test will help lead to a better
understanding of the ductility of hot scales.
A tension test in a controlled atmosphere was carried out on wustite by Hidaka et
al. [66] to investigate the deformation behavior of the oxide scale at 600-1200oC.
Beynon and Krzyzanowski [10-11, 15, 17-18, 30, 105, 107-108] introduced finite
element method simulation coupled with tensile tests to verify their models to
study the failure modes of oxide scale ranging from 10-300μm. This methodology
is based on the hypothesis that the oxide scale has undergone tensile stress due to
elongation of the deformed steel product at the entry of the roll bite. Bending
stresses will also contribute to the development of stress. This simulation test was
carried out at strain rate up to 4 s-1. In a recent report, Beynon and Krzyzanowski
[109] investigated the growth and closure of 100μm thick oxide scale layers to
gain a better understanding of how the scale layers deformed and failed. It was
assumed that the scale enters the roll bite as fractured layers rather than a
continuous layer. A physical model was developed to simulate the development of
cracks in the scale, the results of which were finally verified by different
experimental techniques combined with a tensile and compression test.
Other methods of investigating the deformation of the oxide scale include hardness
tests and rolling tests using special technologies. A hardness test is the most
effective method for evaluating the mechanical properties of oxide scales [112].
Because the mechanical properties of oxide scale are dependent on temperature,
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hardness at high temperature is also evaluated [110]. However, a direct application
of this data in numerical simulation is difficult because the constitution of the
oxide scale and steel material is different. Sandwich rolling [10-12, 74] is another
measure used to analyze deformation in hot rolling. In this experiment, two
samples were welded and then heated in the furnace. The deformed oxide layers
between the two samples were rolled and then analyzed, and because the
temperature of the scale layers could be controlled instead of being chilled by the
work roll, the deformed scale was in an ideal condition. In a recent study, Yu and
Lenard [2] constructed a model that describes how the layer of scale resisted
deformation during hot rolling. An empirical equation was set up to predict the
strength of the scale layers in a temperature range between 800 to 1000oC.
2.5.3 Properties and deformation behavior of scale layers during hot metal
forming
As already mentioned, the properties of the oxide scale depend on a series of
processing parameters. The mechanical properties of the scale layers, whether
ductile or brittle, depend on its temperature and thickness [14], the two most
important parameters to be considered when evaluating scale deformation.
Moreover, scale thickness is also temperature dependent. As Blazevic [29] has
pointed out, the tertiary scale on top of a hot steel strip may be thin and hot, or thick
and cold during processing. In practice it is difficult for any test to cover all the
relevant factors. Interpretations on scale behavior are always related to specific
deformation conditions.
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A large database for hardness of the scale layers on a steel surface is available in
[9, 109]. Room temperature hardness for the three components in the scale layers
are: 460-500HV for FeO, 540-550HV for Fe3O4, and 920-1050HV for Fe2O3,
respectively. Further investigation into the hardness of the oxide scale at different
temperatures shows it to be dependent upon temperature [14, 24]. Experimental
results reveal that the hardness of Fe3O4 is higher than cementite, which the
carbide phase is presented in the roll material. Hardness tests at 900oC by
Lundberg and Gustavsson [24] indicate that the HV values for wustite, magnetite,
and hematite are 105, 366, and 516 respectively, which are much lower than those
at room temperature.
Hot ductility is of great importance on the surface quality of the hot rolled product.
It is assumed that the scale on the surface of the hot rolled strip through the
finishing train is likely to cause defects in the surface if the processing parameters
make it hard and brittle [13]. Furnace scale is composed of the three classical
layers with a total thickness from 3.79 to 6.01 mm, and compressing it after
reheating shows that it appears to deform elastically and then strain hardens after
reaching its critical flow stress [24]. Its true stress – strain curves indicate that the
strain rate significantly affects the shape of the curves. When a compression test is
carried out under a lower strain rate of 0.1s-1, resistance of the material is increased
rapidly as the load increases. After the stress reaches a sharp peak it slowly
declines with an on-going strain. The scale behaved differently when the rate of
strain increased which indicated a substantial plastic flow before failing. The
effect of temperature on the strength and deformation is quite complicated. As the
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temperature increases the scale’s strength may increase or decrease, depending on
the rate of strain, implying that a thin, hot scale may be more or less stronger than
a thick, cold one. Jarl [21] analyzed the hot strength of wustite at 1150oC and
found it dependent upon the temperature. At 1150oC , when the scale is 500 µm
thick its strength is 72.7MPa, while the scale thickness of 60 µm has a strength of
114.3 MPa. Yu and Lenard [2] presented an empirical relation for the strength ( σ ,
MPa) of the scale of a mild carbon steel, assuming that the resistance to
deformation almost equals the applied pressure.

1075.486
)
T

σ = 6732.101Δt1.102 exp(

(2.7)

where Δt is the pass time in second (10-25ms) and T the temperature in oC
(applied in 800-1000 oC).
Of the three components of the classical oxide layers, wustite is expected to
withstand some plastic deformation. Hidaka et al [66] carried out tensile tests on
wustite in a controlled atmosphere of 600-1200oC under strain rates from 10-3 to
10-5s-1. Plastic deformation of the oxide scale was found above 700oC and its
tensile strength decreases as the temperature increases. It was also observed that
the elongated fracture increased with temperature and a 160% elongation can be
obtained at 1200oC. This result is consistent with that of the rolling expert as Yu
and Lenard’ [2] where it was found that the scale strained was more than the parent
material after deformation, according to the scale thickness. “Sandwich” rolling of
plain carbon steel and numerical simulation results proved that the ductility of hot
scale is very sensitive to the rolling temperature and reduction [11]. On the other
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hand, magnetite may be expected to display limited plastic deformation in the high
temperature forming zone [111].
The failure of oxide scale, such as fracture and spallation, is also a topic of interest.
It is affected by all the factors that influence the properties of the scale layers.
Krzyzanowski and Beynon [18] subjected some mild steel to tension tests after
producing scales 10-300μm thick, and indicated two different modes of oxide
scale failure in the 830-1150oC temperature range. The results from the tension test
and finite element method simulation [30, 106] demonstrated that spallation of the
oxide scale is influenced by the temperature, strain, and strain rate. There is
evidence that the fracture and adhesion of oxide scale changes rapidly at about half
the absolute melting temperatures where plastic deformation begins, which proves
that the interface between the scale and the substrate becomes weaker than the
oxide scale at a higher temperature [77, 111-112]. Schütze [111] indicated that
defects in the scale layers such as pores and cracks, and the fracture toughness and
geometry, will also affect fracture of the scale.
2.6 Lubrication in hot steel rolling
Lubrication reduces friction between the work–piece and work roll and also assists
when introduced into the roll bite. Using lubrication in hot rolling increases the life
of the roll, decreases power consumption and improves the surface quality of the
product. According to various European, American and Japanese sources,
lubricants reduce power consumption and rolling loads by 15–25% and increase
roll life by 20–40% [113].
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It is accepted in hot steel rolling that the coefficient of friction increases with
increasing temperature. According to Roberts [114], the coefficient of friction
increases more rapidly with temperature when there is no lubrication than when it
is applied. The coefficient value is normally from 0.25 to 0.50 when the work roll
is cooled by water but decreases to 0.22-0.28 if a lubricant is applied.
The result above is further confirmed by the work of Shirizly and Lenard [103],
where the effects of lubrication on mill loads were examined by introducing
several emulsions into the roll bite. They found that the usage of lubricants or
oil-in-water emulsions resulted in significant reductions in loads and significant
improvements on the surface quality of the rolled steel. From these results, the
largest reductions in mill loads were obtained when 1:1000 oil-in-water emulsions
was used as lubricant while un-lubricated rolling produced the highest loads.
Furthermore, the 1:1000 mixtures displayed the best insulating ability on the
rolled steel surface and scale formation and hardness was also the lowest when
this mixture was used.
It is widely believed that a full film lubrication regime can hardly occur in hot
metal forming [115]. Unlike cold rolling where boundary lubrication regime
prevails [116-117], the oil film thickness in hot rolling decreases with increasing
temperature when a hydrocarbon based liquid such as mineral oil is used as a
lubricant. This is due to the lubrication changing from a mixed film to a boundary
regime.
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2.7 Characteristics of work roll surface
Work roll in hot rolling operates in more severe conditions than cold rolling. It is
expected that the basic properties of a work roll in hot steel rolling should include
good ductility, resistance to breakage, thermal fatigue, spalling, and abrasion
adhesion [119]. Any failure of the work roll will result in poor surface quality and
production down time.
In hot rolling, factors such as contact stress, wear, and some manufacturing
techniques cause the roll surface to deteriorate [6, 118-119]. The normal working
environment of the roll surface is one under high shearing stress, with the
temperature fluctuating from 50 to 650oC or higher, and pressure from 100 MPa to
1 GPa. Hertzian stress combines with thermal stress and is the main cause of
material failure [6, 118]. Due to the thermal cyclic working conditions a
superficial oxide scale layer is formed on the surface which protects the roll
material and reduces friction [80, 120]. As mentioned previously, the scale layer
reduces friction but when it grows to a critical thickness it breaks off the surface,
inlays and breaks down on the surfaces of the rolled product and tools, and sets up
chatter and vibration. It has been well accepted that “thermal fatigue is the primary
cause of surface deterioration for the work rolls at the roughing and the front
finishing stands and abrasion is main cause for the later finishing stands on a hot
strip mill [121]”.
The chemical composition, microstructure, and operating temperature of the roll
material will affect its oxidation behavior and surface roughness [80, 122-124].
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Oxidation tests on ledeburitic steels for hot rolls [47] demonstrates that oxidation
starts at the carbide–matrix interface and involves the matrix only because
carbides exhibit a high resistance to oxidation which makes the oxide scale grow
less uniform. If chromium is dissolved in the matrix it will increase the resistance
to oxidation.
The influence of chemical composition and heat treatment on the oxidation
kinetics of roll materials is shown in Figure 2.4 [27], in which the test was carried
out by the Thermo-gravimetric method. The five work rolls feature different
chemical compositions in C, Cr, V, W, Nb and Mo. The URFAC is a classic high
chromium grade work roll that is applied in the first finishing stand while HSS-A
and –B are suitable for the first and last finishing stands. It appears that the rolls
demonstrate oxidation modes according to their chemical compositions.
Experiments using lubrication on these roll materials concluded that it will: (i)
prevent metal to metal contact; (ii) decrease the coefficient of friction, and (iii)
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Figure 2.4 Isothermal oxidation of different steel grade of roll materials [23].
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decrease the oxidizing rate of the roll materials. Spuzic et al. [6] further pointed out
that coolant and lubricant selection should be beneficial in improving roll life.

2.8 Scope of work in the present study
According to the foregoing literature review characterising the features of oxide
scale in hot strip rolling involves the properties of the rolled material, the medium
in the roll bite, features of the work roll surface, and the hot rolling parameters
including temperature, roll velocity and reduction. With the work roll aspect,
surface temperature, rolling force, coolant and its temperature, lubrication and
materials, etc, all affects the characteristics of the roll surface. As included in
Chapter 1, the present study will focus on the rolling steel, by experimental
analysis. The following investigations are expected to increase understanding of
the characteristics of oxide scale in hot rolling steel.
i)

When characterizing the oxidation kinetics of two steels in a hot strip mill,
the scale thickness will be determined from 0.6 to 160s of oxidation,
covering the time interval from the de-scaler to down coiler in a finishing
train. Oxidation will be carried out in a water-rich atmosphere to simulate
the oxidation medium on a hot strip production line. The topography of the
oxide scale will be examined by Atomic Force Microscopy (AFM). Scale
growth on deformed scale layer covering the surface will also be studied to
investigate the influence of initial scale layer on the oxidizing behavior of
steel. Empirical equations on the oxide scale growth will be obtained to
predict oxide scale growth on a fresh machined hot steel surface.
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ii)

Hot rolling parameters including entry temperature, reduction, roll velocity,
and lubricating conditions on the hot rolled steel surface profiles are
examined and described by surface roughness and Amplitude Distribution
Function (ADF) parameters and AFM analysis. The after-pickling surface
profiles are also compared for different rolling conditions.

iii) The deformation of primary and secondary oxide scales will be
investigated, including the surface crack features of oxide scale layer and
roughness of the substrate material.
iv) Friction as a function of roll velocity, steel entry temperature, reduction,
and scale thickness will be investigated to determine their relationship
with all afore mentioned rolling parameters.
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Chapter 3 Methodology and Experimental Instruments

3.1 Introduction
The present work incorporates a range of experimental techniques. Several
experimental facilities have been employed in characterizing the oxide scale of hot
rolled steel. These instruments include the atomic force microscopes (AFMs)
produced by Digital Instrument, Gleeble 3500 thermal Mechanical Simulator by
Dynamic Systems Inc. (DSI) and the Hille-100 Experimental Rolling Mill.
During the rolling experiment, a Flir PM390 Thermo-camera by Thermoteknix
Systems Limited was used to measure the surface temperature of the strip. Other
instruments such as a Leico optical microscopy, Scanning Electronic Microscopy
(SEM) and a Philips PW1730 X-ray diffraction unit (XRD) were also used to
characterize the morphologies and kinetics of the oxide scale. XRD operation was
to analyze phase component of steel samples from both oxidation tests and hot
rolling experiments. A conventional X-ray diffraction operating with Cu-Kα
radiation was used to analysis the mild steel scales by applying the step method
with constant counting times per step. The step method involves 0.02o steps and
counting times of 2s at each step. SEM was to investigate the hot rolled steel
surface worn properties. Before conducting the SEM observation, samples were
rinsed in Acetone to remove any oil on surface of the samples.
A Surfcon surface texture measuring instrument by Tokyo Seimitsu and the
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surface profiler Hommel Tester T1000 were applied to analyze the surface
roughness of the samples of hot roll steel. The Hommel 1000 enables
measurements with a resolution of 0.01μm to be taken of the roll periphery. This
was carried out with a polymer replica that duplicates the roll surface. A portable
Surtronic surface roughness profiler by Rank Taylor-Hobson, was also used to
measure the roll surface roughness axially during the hot rolling experiment
intervals.
In this chapter, several types of equipment are to be described. The principal
experiments, oxidation tests on two steels and hot steel strip rolling tests, will
also be introduced to explain the methodology of the present study. In order to
accomplish strict controls for these tests, special facilities such as the inert gas
cooling box and the lubricating system were introduced into the experiments.
Some minor experiments such as a hot tension test for mild steel will be
described in details in the corresponding sections.
3.2 Experimental equipments
3.2.1 Atomic Force Microscopy (AFM)
A Multi-Mode Scanning Probe Microscopy (SPM) from Digital Instruments
operating in contact AFM mode (Nanoscope IIIA AFM) [125-126] was used to
obtain topographic images of the surfaces of the samples. This AFM has a lateral
resolution of 1–5 nm and a vertical resolution of 0.08 nm.
The V-shaped nano-probe cantilevers were made of silicon nitride (Si3N4) with a
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nominal tip radius of 20 - 60 nm. The lengths of each cantilever are 100 and 200
µm. The tips are shaped like a pyramid with 35° angles on all four sides. Figure 3.1
illustrates the design of the probes and the cantilever spring constants. The tip with
0.12m/s spring constant was used in the present study.
The Digital Nanoscope software version 5.12b was used to analyze the surface
roughness profiles of the samples.
3.2.2 Gleeble 3500 Thermo-Mechanical Simulation System
A GLEEBLE-3500 Thermo-Mechanical Simulator was used to carry out the

0.12

0.32

0.58

0.06

Figure 3.1 Design of the probe and its four silicon nitride cantilevers showing
spring constants (N/m)
oxidation experiment in the present test [127]. The Gleeble 3500 is a digital, fully
integrated, closed loop control, thermal and mechanical testing system. It is
equipped with a direct resistance heating system that can heat specimens up to
10,000oC/s and can also hold steady-state equilibrium temperatures. The system is
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also capable of performing a high cooling rate in excess of 10,000 °C/s at the
specimen surface with the high thermal conductivity grips holding the specimen.
Thermocouples provide signals for accurate feedback control of temperatures.
The test chamber is connected to a high vacuum system up to 1.0×10-2 torr with
liquid nitrogen trapping. Two water tanks operate under high pressure air up to
0.6MPa, or under specific gases to carry out the cooling or make up the preferred
environment in the chamber. Optional protection inert gases can also be
introduced into the chamber together or separately, as required.
3.2.3 Hille-100 Experimental Mill System
a) Hille-100 Experimental Rolling Mill
Hot rolling experiments were carried out on a 2-high Hille 100 experimental
rolling mill [128, 170]. The rolls are 225mm diameter by 254 mm wide, induction
hardened to 65-70RC up to 2.5 mm deep with an initial surface roughness of 0.4
µm (Ra). The re-heating furnace is electrically operated with a hearth of
400×400×1200mm. Its rated working temperature is specified at 1200oC. K-type
thermal couples are mounted into the middle of the hearth to monitor the
temperature. If required, a protective environment using inert gas can be made
available to flood the furnace. [128].
The rolling mill driven by a 56 kW motor at a rolling speed up to 60 rpm, with a
maximum load of 1500 kN and a torque of 12.7 kN·m. The screw down
arrangement drive is both electrically and manually transmitted via two worm gear
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drives connected to the bearing blocks of the upper roll. It is equipped with two
100 tonne load cells to determine the rolling force, and two torque gauges on the
two shafts to measure the individual roll torque. Two position transducers are used
to control the roll gap. There are two optical pyrometers mounted at the entry and
exit of the roll bite respectively for monitoring the surface temperature. A
hydraulic Automatic Gage Control (AGC) is available on the Hille 100 rolling mill.
A Pentium III computer was used for data acquiring by using Lab Window
Software in the experiment. Its maximum sampling rate is 250 k/s.
Figure 3.2 displays a close-up view of the rolling mill and Figures 3.3-3.4 are the
data logging interfaces of loads and temperature acquisition.

Figure 3.2 a close up view of the experimental rolling mill Hille 100.
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Figure 3.3 Dialog interface for infra-red temperature acquisition.

Figure 3.4 Dialog interface for rolling loads acquisition.
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b) Lubrication system
Two 1000 liter tanks were designed to commission mixing and recycling the
emulsion for roll bite lubrication. A 0.8 kW motor is used to pump liquid in the
tank to carry out the disturbance. The emulsion temperature in each tank is
controlled by a thermometer and two 3.6kW controlled heaters. Figure 3.5 shows
the emulsion lubricating system. Water and oil/water emulsion mist was in
operation during hot rolling. The shape of the sprays was manipulated by adjusting
the regulators in Figure 3.5.

Figure 3.5 the emulsion lubricating system

In case of pure oil lubrication, an air atomization type nozzle [129], which applies
the venturi principle for dispersion, was selected for the lubrication system. Air
pressure is provided to allow proper plate-out of the oil on the top and bottom of
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the roll surface. The air pressure is controlled by a regulator installed on top of the
pinion box. Oil in a 20 liter drum was connected to the nozzles. Before rolling,
lubricating oil was sprayed onto the roll surfaces by compressed air for 60s while
the rolls were turning slowly to coat the surfaces. For safety reasons, oil was not
sprayed onto the steel while hot rolling steel was being carried out.
C) Gas protection
Oxide scale thickness on the sample surface can be controlled by injecting
nitrogen gas into the reheating furnace while heating the sample. A cooling box
was designed to connect with nitrogen gas to protect the samples from further
oxidation while cooling. The flow rate of nitrogen is controlled at 10l/min.
3.3 Oxidation tests
The purpose of the oxidation tests is to analyze the characteristics of the oxide
scale and its growth at different temperatures by experimental simulation. A
series of oxidation experiments on two steel materials, mild steel with 0.15%C
and low carbon steel with 0.06%C, were carried out on a Gleeble-3500
Thermo-Mechanical Simulator by air enriched with water mist to simulate an
oxidation environment in the strip production line.
3.3.1 Test materials
The steels used for this investigation were a 5mm thick industrial hot rolled mild
steel (MS) strip purchased from a steel market, and a 3.25mm thick low carbon
steel (LCS) which was cut directly from a steel strip produced from a hot strip
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mill. The chemical compositions of the two steels were tested and are shown in
Table 3.1. Samples for each type of steel are from one single steel strip of the
respective steel grades. The oxidation test specimens were machined to the shape
shown in Figure 3.6.

Table 3.1 Chemical composition of the steel for oxidation test (wt%)
Elements

C

Si

Mn

P

MS

0.15

0.15

0.51

0.008

LCS

0.044

0.005

0.17

0.006

S

Cr

Ni

Cu

Mo

Al-T

Ti

0.018

0.071

0.070

0.23

0.24

0.003

0.001

0.008

0.016

0.025

0.020

0.003

0.032

<0.003

Holes on both ends of the sample are used to for alignment when mounting in the
Gleeble. One surface was ground to less than 0.3 to 0.6μm surface finish so that
the original sample surface topography can be studied by AFM. Scale layers on
the top surface of the low carbon steel were carefully retained to investigate
oxidation kinetics on the deformed oxide scale surface.
3-5
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Figure 3.6 Specimen for Oxidation Test.
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3.3.2 Experimental procedure
Before oxidation the machined surfaces of the mild steel were examined by AFM
to obtain the original surface textures.
The oxidation tests were carried out in a Gleeble-3500 thermo-mechanical
simulation system. Each specimen was rinsed with acetone before testing and
was spot-welded with Al-Pt type of thermo-couple on the non-ground surface in
Argon flow. The test chamber was at first evacuated to 1.0×10-2 torr after the
specimen was mounted into the system. The specimen was then heated to 1200
o

C at a rate of 10oC/s and held for 120s while Argon was manually released into

the chamber. The temperature of the specimen was then reduced to 800, 900oC,
and 1000oC respectively, at which the oxidation process would take place and
then another 30s, was given to achieve a uniform temperature. Subsequently,
compressed air with 50g of water was introduced into the chamber at a pressure
of 0.1MPa so that mixed air and water mist was set up inside. The specimen was
then exposed to the oxidizing vapor mixture isothermally at atmospheric pressure
from 0.6 to 160s, which is similar to the time a transfer bar is exposed to air in a
typical hot strip mill. At the end of oxidation, the Argon flow was switched on
and poured directly onto the hot surface at 0.057 MPa to stop any further
oxidation. After oxidation, the specimen was cooled to room temperature in
Argon at a cooling rate of 10oC/s. Figure 3.7 shows the examples of the
thermo-cycles for the oxidation tests at 0.6s of oxidation. The oxidation
temperatures of steel are in both austenites, austenite plus ferrite zone which is in
the typical finishing temperature zone in a hot strip mill.
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Figure 3.7 Thermo-cycles for test at 0.6s of oxidation.
Two pieces of material were cut from each oxidized specimen. One was mounted
with a cold-setting resin, polished, and then etched in 3% nital solution for
metallographic examination. The other sample was used to examine the surface
profiles immediately after oxidation to prevent contamination on the surface. The
low carbon steel samples were first covered with hardened epoxy resin before
cutting, to prevent the blistered oxidized layers on the black surfaces of the steel
strip from breaking off.
The polishing procedure is very important to make a good image of the oxide
scale. Samples were firstly flattened on P220 sand paper under 30N
for a single sample. The second step was to use an M. D. Allegro Medium disk
with 9μm diamond paste under 25N for each sample. A third step was using DP
DAC cloth to polish with 3μm water sensitive diamond paste under 35N. In the
last two steps, DP-lubricant Brown lubricant was used.
Scale powder of the oxidized sample was analyzed on the Philip1730 X-ray
45

Chapter 3. Methodology and Experimental Instruments

diffraction machine to determine the components of the scale layers.
3.4 Hot rolling experiments of mild steel
3.4.1 Aim of the tests
Hot rolling tests on MS grade were carried out to investigate the deformation of
the oxide scales under hot rolling conditions. The surface roughness
transformation was examined by comparing the surface profiles before and after
rolling. In these tests the effect of pass reductions, speeds, temperatures,
lubrication conditions, and the initial surface roughness, were studied individually.
3.4.2 Test materials
A mild steel (MS) grade was used as a testing material. The test samples were
commercially purchased steel strips of 9.5mm in thickness and 100mm in width.
The re-tested chemical compositions for the steel are shown in Table 3.2. For most
of the test samples they were machined to 9.2 × 100 × 450 mm with both the top and
bottom surfaces ground to 0.5 to 0.7μm. Samples with other surface conditions,
such as those machined to 3.0-4.0μm (Ra), 0.1μm (Ra) and the as-supplied
surface of 1.2-2.0μm, were used respectively to examine the effect of original
surface roughness on the product surface profiles.
Table 3.2 Chemical composition of the steel (wt%).
Elements
MS

C

Si

Mn

P

S

Cr

0.18 0.18 0.95 0.026 0.027 0.10

Ni

Cu

Mo

Al-T

0.067 0.13 0.19 0.004

Ti
<
0.003
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3.4.3 Hot rolling experimental procedures
1) Reheating of samples
As the oxide scale of the sample surface is sensitive to heating time, samples were
heated individually. So they would have the same thermal history in the furnace
and the heating time on the scale thickness [2, 128].
Before heating the samples, the furnace was preheated each day at 1200oC for 2-3
hours before commencing an experiment. Each sample was heated up to the
furnace temperature and then soaked at 1200oC for 300s without inert gas
protection. The total period of each sample in the furnace was around 15.5-17min.
After removal the hot samples were tapped on the side at the scheduled rolling
temperatures to remove most of the primary scales and expose a thin layer of
secondary oxide scale on the surface at the entry side of the roll bite (See Fig 3.8).

Descaled
Secondary scale

Figure 3.8 Two kinds of oxide scale layers on top of the descaled sample
before rolling.
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Certain samples were put into the cooling box straightaway after the tapping –
de-scaling operation at scheduled rolling temperatures to preserve the
non-deformed oxide scale layer and the initial surface state. It took about 10-65s
from the samples exiting the furnace till they were sent into the roll bite,
depending on the scheduled entry temperature.

2) Hot rolling tests
A series of hot rolling tests were carried out under different rolling conditions to
examine the effect of rolling pass parameters such as entry temperature, reduction
and rolling speed on the deformation of the oxide scale and, the surface profile
features. The influence of lubrication was also considered at a certain temperature
range. Samples with a controlled original surface were used to determine the effect
of the original surface roughness on the surface features of the rolled materials.
The lubricating oil was provided by Quaker Chemicals Ltd. In addition, stalled
rolling was made by letting the steel bar enter half way and then withdraw it from
the roll bite and cool it in an inert gas box to investigate deformation of the scale
layers. The rolling experiments are summarized as followed.
i) Hot rolling at different lubricating conditions
There were five lubrication conditions applied to examine the effect of lubrication
on the deformation of oxide scales and surface profiles in the present study. The
lubrication modes include: (a) dry-lubrication, (b) lubrication with water, (c) 1:200
per volume oil-water emulsion, (d) 1:100 per volume oil-water emulsion, and (e)
lubrication with oil respectively. The effect of reduction was investigated at 7.5,
15, 25, 35 and 45% at a rolling speed of 0.12m/s. The influence of rolling speed
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from 0.10-0.72m/s was also considered at a reduction of 15%. The rolling
temperatures of the test were controlled at a nominal value of 900oC. The surfaces
were ground to a Roughness Average (Ra) =0.30μm parallel to grinding direction.
ii) Hot rolling at various sample entry temperatures
The original sample surface roughness was Ra=0.30μm. The hot rolling
experiments were carried out with and without lubrication.
In the case of dry rolling with no lubrication, the temperatures varied from
835-1029oC and were grouped into four series as 850, 900, 950 and 1025oC,
respectively. When testing at various reductions, the nominal reductions were
catalogued into four groups at 7.5, 15, 25 and 35%, respectively. For these
experiments, the rolling speed was 0.12m/s. When testing at various rolling
speeds from 0.10-0.72m/s, four groups of rolling speeds were examined as 0.12,
0.24, 0.48 and 0.72m/s. The series of testing at different rolling speeds were
carried out at a nominal reduction of 15%.
In the case of hot rolling with lubrication, oil was selected as a lubricant. The test
schedules were similar to dry rolling where no lubricant was used. Reduction was
applied up to 45% with this lubrication case.
iii) Hot rolling of samples with different original surface roughness
The purpose of the hot rolling experiment with different original surface profiles
before reheating was to examine the effect of initial sample surface states on the
surface roughness of the final product. The sample surfaces were ground to 0.075,
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0.30, 3.0 μm and as-supplied surface, whose roughness was controlled as
0.05-0.10/0.30-0.35, 0.25-0.35/0.55-0.70μm and 3.00-3.50/3.50-4.00μm in the
longitudinal and transverse directions respectively. Samples with as supplied were
also used as a surface group whose surface revealed an isotropic feature with a
surface roughness of 1.2-2.0μm.
The rolling tests were carried out in without lubrication. The experimental
schedules were similar to hot rolling with lubricant. The rolling temperatures of
the tests were controlled at 900oC, at which the steel is of austenite phase for the
tested mild steel.
3) Sample treatment
After the samples were cooled to room temperature (approximately 20-26oC) in the
nitrogen atmosphere cooling box, the surface roughness of the as-rolled and
pickled samples was measured by a Surtronic surface profiler-meter. Typical
samples from the hot rolling test were selected to characterize their topographic
features by AFM and SEM.
An investigation of the surface profile of pickled steel sample was aimed at
understanding the surface features of hot rolled strip before cold rolling, and the
effect of hot rolling on the deformation of oxide scale. The crack features of scales
on hot rolled steel surfaces were also considered. It has been reported that the
cracks in the oxide layer may cause inhomogeneous corrosion when pickled, and
hence can lead to a local attack of the base metal [130]. It is also recommended that
inhibitors should be used to avoid excessive pickling of the metal and save acid in
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industry [130-131].
In the present study, the pickling solution was composed of 10% vol. concentrated
HCl and 1% vol. of QWENE inhibitor from Quaker Chemical Ltd. Pickling
temperature was controlled at 78-80oC to simulate the 4th tank in a tin plate
pickling line † . A comparison of the effect of pickling durations on the surface
profile of the testing steel grade is illustrated in Figure 3.9. The sample was hot
rolled at a reduction of 42.7% at 951oC with oil as lubrication. The initial surface
roughness before pickling is 0.6μm. It can be found that the steel surface was
seriously attacked after 4 min of pickling. Therefore the immersion period of the
sample in the pickling solution was controlled between 1-2 minutes.
3.5 Summary
In this chapter, the principal instruments and the methodology of the experiment
are described. Detailed experimental results are to be discussed further in the
following sections.

†

The current mild steel is much different from a low carbon steel in chemical composition.
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Figure 3.9 Profiles of mild steel surface after different periods of pickling: pickling temperature=78-800C, solution: 10 vol% concentrated
hydrochloric acid +1 vol% QWENE inhibitor.
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Chapter 4 Oxidation Behavior of Mild and Low
Carbon Steels

4.1 Introduction
As indicated in Chapter 2, surface features are an important consideration when
investigating interactive contacts between two bodies. Many studies have been
carried out over the past few years to characterize surface profiles in relation to
contact with rough surfaces, both computationally and experimentally, but most
have focused on cold-contact bodies [132-142]. In recent years it has been found
that the morphology of the oxide scales on top of the hot work piece [2, 13, 86,
103, 106, 109] and their topographies [9, 13, 143-144] are an important
consideration in an in-depth study on the tribology of hot metal working.
Moreover it is recognized that a better understanding of surface profiles
[145-147] would help to accurately model tribological behavior during hot steel
rolling.
In this chapter the topography and morphology of oxide scales will be analyzed
by oxidation tests. Changes to the surface profiles before and after oxidation, and
the topographic features of the scale surface of the mild steel strip surface were
carefully examined by AFM. The oxidation kinetics was also investigated by
measuring the thickness of the scales on mild steel and low carbon steel. The
morphologies of the scale layers and the growth on the deformed oxide scale
layers were tested and analyzed to study the effect of the coated scale layer on
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further oxidation of hot metal that may occur in a hot strip mill.

4.2 Oxide scale surface features of mild steel
4.2.1 3-D surface topography
Figure 4.1 shows three examples of the surface topography before and after
oxidation. These samples were labeled as 8-20, 9-20, and 10-20, respectively.
One can observe the characteristic anisotropy of the original sample before
oxidation, as shown in Figure 4.1 (a), (c) and (e). After the steel has been
oxidized for a certain period of time the long valleys caused by grinding were
reduced or eliminated at a specified temperature. However, when the oxidation
time is short enough at a given temperature, the machining profile can still be
observed, refer to sample 8-20 in Figure 4.1 (a) and (b). The surface roughness of
the three samples before oxidation was almost the same, ranging from 0.18 μm to
0.19 μm for the root mean square average (Rq). After oxidation the amplitude of
Rq changes on average to 0.12, 0.15 and 0.28 μm at 800, 900 and 1000 oC
respectively, showing that the roughness of the scale surface increases with
temperature under the same period of oxidation. It was interesting to find that the
amplitudes of roughness of the oxidized surfaces for sample 8-20 and sample
9-20 were slightly smaller than their original ones. This indicates that under
certain conditions the surface of the hot steel can be modified. .
Figures 4.1 (c), 2(d) and Figure 4.2 provide another interesting phenomenon.
These samples have undergone oxidation at 900oC for 10, 20 and 40 seconds
respectively. Although the profile texture of sample 9-40 after oxidation is much
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coarser than sample 9-20, and the later one in turn become coarser than sample
9-10, the experiment shows that their Rq values are almost the same. It can be
seen from these figures that oxidation at 10 and 20s modifies the original surface
roughness at 800 and 900oC, respectively.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.1 AFM images of the specimens surface before and after 20 seconds
oxidation: (a) and (b) Sample 8-20, before (Rq=0.19μm) and after test (Rq=0.12μm) at 800oC; (c)
and (d) Sample 9-20, before (Rq=0.19μm) and after test (Rq=0.15μm) at 900oC; (e) and (f) Sample
10-20, before (Rq=0.18μm) and after test (Rq=0.28μm) at 1000oC.
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(a)

(b)

(c)

(d)

Figure 4.2 AFM images of the specimen’s surface at 900oC before and after
oxidation. (a) and (b) Sample 9-10, before (Rq=0.18μm) and after (Rq=0.16μm) 10 seconds of
oxidation; (c) and (d) Sample 9-40, before (Rq=0.20μm) and after (Rq=0.21μm) 40s of oxidation.

But these trends do not always exist in the whole set of experiments. The
relationship between surface roughness, oxidation time, and oxidation
temperature, will be presented in the following roughness analysis.

4.2.2 Influence of oxidation parameters on the surface profile
Oxidation and its duration influence the surface profiles of the oxide scale. In
order to evaluate the influence of oxidation parameters on the changing surface
profile due to oxidation, we analyzed the maximum roughness depth (Rmax),
which is the maximum vertical distance between the highest and lowest data
points in the image.
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Figure 4.3 shows the Rmax of the test samples before and after 0.6 – 160s of
oxidation at 800, 900, and 1000oC, respectively. All the Rmax value in the samples
(a)

before

after

before

after

5

Rmax, μm

4
3
2
1
0
0

25

50

75

100

125

150

175

Oxidation time, s
(b)

before

after

before

after

5

Rmax, μm

4
3
2
1
0
0

25

50

75

100

125

150

175

Oxidation time, s

(c)

before

after

before

after

5

Rmax, μm

4
3
2
1
0
0

25

50

75

100

125

150

175

Oxidation time, s

Figure 4.3 Rmax of samples before and after oxidation. (a) at 800oC; (b) at
900oC; (c) at 1000oC.
after oxidation increase from 0.4 to 4.3μm higher than those before
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oxidation. The difference in Rmax before and after oxidation shows that the
changes in the amplitude of Rmax are larger at the early and later stages of
oxidation. The difference in roughness decreases with a longer oxidation time
and then increases again.
The amplitude distribution function (ADF) indicates the probability that a profile
of the surface has a certain height at any position. The root mean square
roughness, skewness, and kurtosis, are the three statistical ADF parameters.
Skewness (Rsk) is a simple measure of the asymmetry of the ADF, ie, it measures
any variation in symmetry of a profile about its mean line. It is a
non-dimensional parameter and is defined as:

R sk =

1

N

∑ Z 3j

(4.1)

NRq3 j =1

where Z j is amplitude distribution, N the number of data points and Rq the root
mean square roughness, which is a statistical parameter that is used to measure
the width of the ADF and is defined as Rq =

N

∑ (Z
j =1

j

) 2 / N . Surfaces with positive

skewness, such as raised surfaces, have fairly high spikes that protrude above a
flatter average. Surfaces with negative skewness, such as porous surfaces, have
fairly deep valleys in a smoother plateau. More random (e.g. ground) surfaces
have a skewness near zero. A value of Rsk greater than 1.5 indicates that the
surface does not have a simple shape. Kurtosis relates to the uniformity of the
ADF or, equivalently, to the spikiness of the profile. It is also a non-dimensional
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parameter defined as:
Rku =

1

N

∑

Z 4j
4
NRq j =1

(4.2)

A Gaussian distribution has a kurtosis of 3. If Rku<3, the distribution has few
high peaks and low valleys, which means a relatively flat surface. If Rku>3, the
distribution has many high peaks and low valleys, which means a relatively sharp
surface [148-149]. Figures 4.4-4.5 shows the variation of Rsk and Rku of the steel
surfaces before and after oxidation at various oxidizing periods and temperatures.
From Figure 4.4, the skewness of the oxide scale surfaces lies between ±1.0, with
smaller than 0.5 in magnitude. This indicates that the scale surfaces are still in
the same simple shape as their original ones. However, it has been observed that
variations in oxidation time or oxidation temperature can regulate the skewness
value and affect the surface profile. Rsk decreases at all temperatures up to 40s of
oxidation. Rsk increases slightly after 40s of oxidation when the samples were
oxidized at 800oC, while it decreases with oxidation time at 900 and 1000oC.
Because the Rsk values of the sample surfaces are close to zero before oxidation,
oxidation can make the steel surface flatter when this time is shorter than 40s.
After that the steel surface will have more deep valleys with oxidation time. At 800
and 900oC, the values of Rku decreases slightly as oxidation time increases while
there is little change at 1000oC. In most cases the kurtosis after oxidation are close
to those before oxidation and are around 3.0 (See Figure 4.5), indicating that the
oxide surfaces are not characterized by high peaks. Surface textures will be
analyzed later with detailed distribution of asperities.
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Figure 4.4 Rsk of the steel surfaces before and after oxidation. (a) 800oC; (b)
900oC; (c) 1000oC.

60

Chapter 4. Oxidation Behavior of Mild and Low Carbon Steels

(a)

before

after

before

after

8

Kurtosis

6
4
2
0
0

25

50

75

100

125

150

175

Oxidation tim e, s
(b)

before

after

before

after

8

Kurtosis

6
4
2
0
0

25

50

75

100

125

150

175

Oxidation tim e, s
(c)

before

after

before

after

8

Kurtosis

6
4
2
0
0

25

50

75

100

125

150

175

Oxidation tim e, s

Figure 4.5 Rku of the steel surfaces before and after oxidation.
(a) 800oC; (b) 900oC; (c) 1000oC.

4.2.3 Distribution of asperities on oxidized scale surfaces
The surface characteristics of the distribution of asperities were studied with
great interest by researchers when they investigated the tribological mechanism
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of the steel/roll interface during cold rolling [17]. The distribution of the
characteristics of asperity on the oxide scale surface will be analyzed.
Section analysis can present the vertical and horizontal distance, and angle
between two or more points by measuring the depths of the surface features.
Figure 4.6 is the section analysis of steel samples ‘before’ and ‘after oxidation’ at
different oxidation conditions. The sectioning direction for the before and after
oxidation samples is perpendicular to the grinding on the original surface. The
inverted triangles in the figures indicate the deepest roughness penetration of
each sectional profile. Table 4.1 summarizes the surface roughness features of
Rmax, Rsk and Rku.

Table 4.1 Surface roughness parameters for samples in Figure 4.6
Temp.
o

Duration

Rmax, μm

Rsk

Rku

C

s

before

after

before

after

before

after

800

20

0.82

1.70

-0.11

0.06

2.52

3.25

900

20

1.46

1.89

0.07

-0.06

3.13

3.79

1000

20

1.44

3.13

0.41

-0.18

3.25

3.08

800

0.6

0.99

2.54

2.37

3.69

800

1.2

1.25

2.35

0.02

-0.16

2.23

3.50

800

2.5

1.05

2.53

-0.06

0.10

3.32

3.13

From Figures 4.6 (a) to (c), which display the local surface profiles in an
approximately 135μm pick up length, one can see that the original steel surface is
hardly retained and is almost modified after 20s oxidation. Peaks and valleys are
concentrated on the oxidized surfaces. Moreover, the vertical height and
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horizontal distance of the sectioned asperities expand with smaller angles as the
oxidation temperature increases. Rmax values in Table 4.1 indicate greater depth
between the sharp peaks and valleys characterizing the oxidized top in a longer
sampling distance of 4.8mm.

(a0)

(a1)

(b0)

(b1)

(d0)

(e0)

(d1)

(e1)

(c0)

(c1)

(f0)

(f1)

Figure 4.6 Section analysis of steel surfaces before and after oxidation: (a),
(b) and (c): 20s oxidation at 800, 900 and 1000 oC; (d), (e) and (f): at 800 oC for
0.6, 1.2 and 2.5s of oxidation. Subscript 0 and 1: before and after oxidation.
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Figures 4(d), (e) and (f) present some interesting results. At first, oxidation
occurs predominantly at the peaks of the asperities, producing many smaller
asperities after 0.6s oxidation, as shown in Figure 4.6 (d). Then oxidation occurs
at the sub-asperities or on the slope of the major asperities (Figure 4.6 (e)) as the
oxidation time increases. At this stage, i.e. after 1.2s of oxidation, the steel
surface still maintains its original texture. Finally, the slope of the major
asperities experience oxidation and their peaks are flattened with many tiny
asperities, as demonstrated in Table 4.1.
Particle analysis can be used to produce the distribution of surface asperity. It
defines particles based on the height of pixel data. This analysis was designed to
analyse isolated particles. Here particles are conjoined pixels above or below a
given threshold height. The analysis includes a histogram of particle size which
can be used to identify specific particles by their size. As the scale surface is
composed of isolated asperities, it is possible to carry out particle analysis when
a given threshold height is defined. A threshold height of 0.1μm, which is the
distance between the threshold and substrate peaks, was used in the particle
analysis. This is used to examine the characteristics of the distribution of the
asperities on the scale surface with a relevant altitude for all the samples. Figure
4.7 illustrates the diameter and height histogram of selected particles for three
samples oxidized after 10, 20, and 40s at 900 oC, respectively. The area for each
sample is 120×120 µm. Distances between the substrate peaks and the highest
peak for each sample are 0.80, 1.01 and 1.11 microns for the three samples at
respective oxidation times, and 1224, 1029, and 522 particles were taken into the
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analysis.

(a)

(b)

(c)

Figure 4.7 Oxide scale surface particle analysis at 0.1μm threshold at 900 oC:
(a) 10 seconds oxidation; (b) 20 seconds oxidation; (c) 40 seconds oxidation.
The asperity heights of the oxide scale range from 0.06 nm to 803.37 nm after
10s oxidation time, while they are 0.045 to 1010 nm and 0.047 to 1100 nm for
20, and 40s cases. The average height of all particles for each sample is 128.83,
108.46, and 130.20 nm, respectively. These characteristics of particle height
correlate with the analysis of roughness. According to Figure 4.7, the oxidation
time greatly affects particle diameter, indeed the mean particle diameters at 10
and 20s are close to 1.4μm. The length and width of the particles, which are the
longest axis in a particle, and the perpendicular bisector to the length, are also
analyzed. The average length/width ratio is 2.2 at 10 seconds and 2.5 and 2.6 at
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20, and 40s, respectively. This means that the particles increase in size with time
but the shape does not change very much. Figure 4.7 reflects the isolated
particles above the threshold height.

4.2.4 Surface spectrum [129, 150]
The power spectrum is defined as a plot of power as a function of the spatial
wavelength, or frequency. The Power Spectral Density (PSD) function represents
the amplitude of surface roughness as a function of the spatial frequency of the
roughness, which is the inverse of the in-plane spatial wavelength of the
roughness features. The PSD function reveals periodic surface features that might
appear “random” and provides a graphic representation of how such features are
distributed. It is expected that a relatively small set of spectral frequencies
sufficient to describe the entire surface features of the sinusoidal nature of a
composite wave. In the calculation a coordinate system is defined, as shown in
Figure 4.8, which illustrates the 3-D image of the sample surface before and after
80s of oxidation at 800oC.
Figure 4.8 (a) can be considered to essentially consist of two dominant forms, a
longer period wave form along the X-axis and a shorter one along the Y-axis.
Figure 4.8 (b) appears random. A two dimensional power spectral density plot
consists of two dominant spikes (one for each dominant wavelength), plus a
number of extra wavelengths. Thus a two dimensional wave form can be
considered as an additive composite of a number of wave forms. In the
calculation algorithm, Fast Fourier Transform (FFT) is used to separate the
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Figure 4.8 Definition of coordinate system for spectrum analysis. Images are for
samples (a) before and (b) after 80 seconds of oxidation at 800oC.
original wave - form into its constituent parts, mapping each wavelength on the
two – dimensional spectral plot. For a digitized profile of length L, consisting of
N points sampled at intervals of d0, the frequency distribution is approximated
by:
2d
PSD( f ) = 0
N

m ,n= N

∑

e

i 2π
( n −1)( m −1)
N

2

z ( n)

m , n =1

for f =

m −1
Nd 0

(4.3)

where i = -1, and frequencies, f, range from 1/L to N/(2L). After the power P has
been obtained, the values of PSD for one-dimensional and two dimensional
power spectral density may be written as:
1D isotropic PSD=

P
2πf

(4.4)

2D isotropic PSD=

P
2πf (Δf )

(4.5)

Figures 4.9 (a) to (c) respectively show 1D Isotropic PSD in Figures 4.3-4.4. It is
easy to find from the figures that before oxidation a sharp peak with some more
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Figure 4.9 Change in surface spectrum density before and after oxidation at
900oC: (a) 10 seconds; (b) 20 seconds and (c) 40 seconds.
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minor peaks exist for all the samples. That means long wavelength components
play a dominant part in the surface roughness. For example the primary,
secondary, and tertiary wavelengths for the sample before 40s oxidation are 24,
10, and 6.3 µm respectively. After oxidation, longer wavelengths of 120 µm are
present and accompanied by uniformly decreasing powers of shorter wavelengths
down to 0.47 µm (Figure 4.9 (c)). This tapered PSD plot is characteristic of flat,
isotropic surfaces. The contribution of long wavelength components to the
surface roughness falls considerably. Similar results have been found for samples
after 20s of oxidation with primary, secondary, and tertiary wavelengths of 30,
13.3, and 7.05 µm before oxidation respectively, while after oxidation the shorter
wavelength increases up to 0.94µm (Figure 4.9 (b) ). After 10s of oxidation the
sample has a primary wavelength of 60 µm, with shorter wavelengths tapered
from 10.9 to 0.94 µm (Figure 4.9 (a)). After oxidation all the surfaces of the
samples showed no evident contribution from the secondary or tertiary
wavelengths.

2D Isotropic PSD may describe the surface features by taking average values
along two dimensions [126]. Figures 4.10(a) to (c) illustrate the distributions of
the 2D Isotropic PSD and their changes after 20s of oxidation at 800, 900 and
1000 oC, respectively.
Figure 4.10 (a) shows the surface after 20s of oxidation at 800 oC. The left cursor
is placed at the wavelength with the greatest power and the right cursor is placed
at the end of the data plots. Both left and right cursors are displayed below the
p l o t . N o t i c e t h a t t h e mo s t p o w e r f u l w a v e f o r m i s d e t e c t e d a t
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Figures 4.10 2D Isotropic PSD distributions and changes in surface
spectrum density after 20s oxidation at (a) 800oC, (b) 900oC and (c) 1000oC.
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40µm, which corresponds to the dominant wave form of the image. Additional
wavelengths of 60 and 30 µm are plotted on both sides of the dominant one as
weaker spectrum but they contribute virtually no power to the image. The Power
Spectral Density plots each wavelength on a logarithmic scale which confirms
that the image consists of a composite of multiple wave forms. Minor
wavelengths down to 0.47 µm contribute almost no power. A similar result can
be found for the surface image after 20s oxidation at 900oC. In this image the
most powerful wavelength is 60 µm with 120 and 40µm as additional spectra.
The power spectrum density of the surface image after 20s oxidation at 1000oC
reveals that the most powerful wavelength is 120µm with wavelengths in 30 and
24 µm as subsidiary.

By comparing the results of 2D Isotropic PSD for the images after 20s of
oxidation at 800, 900, and 1000oC, the dominant wavelength tends to increase
with the oxidation temperatures when the samples are oxidized for the same
period of time.

4.3 Kinetics of oxide scale growth
Oxidation kinetics were investigated for a mild steel and a low-carbon steel. The
discontinuous oxidation technique, which is defined to measure the oxide scale
features after the metal being exposed in the oxidizing medium for a given
period [34], was applied by measuring the scale thickness after oxidation. As
other researchers have indicated, the measurement may over estimate the scale
growth due to the presence of pores in the scale layers. However, it “does
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provide an accurate measure of the underlying kinetics processes” [39] and it has
been used by many authors [14, 27, 109].
The oxidation experiments were carried out on the Gleeble 3500
Thermal-mechanical Simulation System. The duration of the oxidation process
was controlled similar to those operating in the finishing stands of a hot strip
mill.
4.3.1 Oxidation of the mild steel
Due to uncertainty in measuring the scale thickness, the average thickness values
of scale layers were obtained to describe the oxidation kinetics. Figure 4.11
shows the oxidation kinetics of the mild steel at three experimental temperatures.
The scale thickness is illustrated as a function of oxidation time in square root
scale.
From the figure it is obvious that the scale thickness increases quickly at the
beginning of oxidation. For scale thickness after 5s of oxidation the difference
between the two sets of experiments at each test point becomes larger with
increasing temperature. It is likely that the oxide scale growth obeys the classic
parabolic law which is consistent with the transport mechanism in oxidation [41].
Initially, when a scale begins to form and is very thin, diffusion through the scale
will rapidly establish virtual equilibrium with the metal at the scale-air interface.
When the scale layers become thicker, element activity across the scale layer will
reduce. As a result, a reduction in ionic flux decreases the reaction rate. After this
point the ion transport rate falls with time according to a parabolic law.
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Figure 4.11 Scale growth kinetics during steel oxidation isothermally at 800,
900 and 1000 oC.
Equation 2.1 is used to formulate the oxidation kinetics of the mild steel tested.
In this case the constant C is zero because the testing samples were free of scale
before oxidation. It is assumed here that the thickness of scale layer obeys the
parabolic law upon oxidation time and exponential law on oxidation temperature.
The regression result is as follows:

ξ mild = 844.45 × t ⋅ exp(

− 5638.27
)
T

(4.6)

where ξ the scale thickness (μm), t (s) and T (K) the oxidation time and
temperature, respectively. According to the variations in regression the
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correlation coefficient R, turns out to be 0.98 and the F-ratio is 1742.85. The rate
is much greater than the critical F value, which is expected to be 999.5 at 99.9%
confidence [15]. The regressed results are shown in Figure 4.12.

Figure 4.12 Predicted oxidation kinetics of the tested mild steel
4.3.2 Oxidation of low carbon steel
Oxidation experiments were further carried out on the Gleeble 3500 to
investigate the oxidizing kinetics of a low carbon steel on both fresh metal
surface and the as-supplied surface. The initial scale thickness on the testing
material surface averages 21.2μm, as shown in Figure 4.13. The difference
between the low carbon steel and mild steel is that the low carbon steel has a
much lower carbon content, no silicon, a lower manganese, and a substantial
aluminum content (Table 3.1). Figures 4.14 (a) to (c) illustrate the test results of
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scale thickness growth on both surfaces of the low carbon steel.

Figure 4.13 Initial scale layer of hot rolled low carbon steel strip.

Temperature is always a significant factor in the oxidation of steel. From Figure
4.14, the growth rate of oxide scale on both surfaces is greater when the
temperature increases from 800 to 1000oC. At a lower temperature, e.g. 800oC,
there is only about 17.5 μm of scale growing on the black surface, even after 20s
oxidation at this temperature. At a higher temperature, e.g. 900 and 1000oC, the
scale thickness grows up to 59.5 and 98.5μm, which is approximately 38.3 and
77.3μm thicker than the initial scale layer of approximately 21.2μm.
However, at all test temperatures the oxidation rate on the surface of the strip
originally covered with oxide scale seems to be slower than the metal surface
without oxide scale. With oxidation progressing the scale on the metal surface
grows after a certain period, to a thickness close to the one that is originally
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Figure 4.14 Growth of oxide scale on low carbon steel surfaces. (a) 800oC, (b)
900oC and (c) 1000oC, respectively.
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covered with the deformed scale layer. The above plots aim to present the effect
of originally covered oxides layers on the growth of oxide scale with time. The
polished surface has a higher growth of oxide thickness with time than the ‘assupplied’ hot rolled surface. This phenomenon implies that the original surface
feature may play a dominant role on scale growth at all oxidation temperatures.
A statistical assessment of the dependence of scale thickness in oxidation time
and temperature shows that the kinetic still obeys the form equations 2.1-2.2 for
both surfaces. Equations 4.7-4.8 describe the kinetics on both surfaces
respectively.

ξ lcs 0 = 2948.46 × t ⋅ exp(

− 6290.26
)
T + 273

ξ lcs1 = 1.12 × 10 5 × t ⋅ exp(

(4.7)

− 11102.71
) + 20.95
T + 273

(4.8)

here the subscript lcs 0 and lcs1 represent the polished metal surface and the
black surface, respectively. Regression values are illustrated in Table 4.2, where
the values of the regression results demonstrate that both equations and all the
parameters including oxidation time, temperature, and constant in lcs1 case, are
all significant.
Table 4.2 Regression values for Equations 4.7 and 4.8
Equation

ξ lcs 0
ξ lcs1

R
0.99

F-ratio
1210.6

0.99

457.4

F verification
F(2, 22) Confidence
9.95
0.99
9.95

0.99

t-ratio

T

Const.

3.35

17.28

13.63

19.84

1.57

t
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The equations are valid when oxidation temperature is 800-10000C and the
duration of oxidation is 0.6-20s. The effect of scale coating on the metal surface
is shown by the comparison of the predicted kinetics versus the tested results that
is shown in Figure 4.15.

Figure 4.15 The predicted and tested oxide scale kinetics for low carbon
steel: (a) metal surface; (b) deformed 21.2μm scale layer
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4.3.3 Discussion
It is reported that scale growth on a low carbon rimmed steel (0.05%C, 0.01%Si
and 0.34%Mn) obeys the logarithmic law when it is annealed from 2 to 60
minutes at 600oC [38]. At higher temperatures, e.g. 950 to 1150oC, the scale
thickness on a similar rimmed low carbon steel (0.08%C, 0.01%Si and
0.36%Mn) obeys a parabolic law when it is oxidized after 30 to 150s [57]. When
low carbon steel and micro-alloyed steel are oxidized for a longer period, from
say 100 to 3000s [109] or from 30 to 400 minutes [14], the scale growth kinetics
follows the parabolic law.
The typical traveling time of a steel bar in a hot strip mill from the finishing
de-scaler to each stand in the finishing train is shown in Table 4.3 [161]. One
can see from Table 4.3 that the shortest traveling time between stands is 0.61s.
Table 4.3 Steel bar traveling time in the finishing stands of a hot strip mill
Position
Descaler

Traveling time from the descaler (s)

1 st stand

3.2

2 nd stand

5.2

3 rd stand

6.6

4 th stand

7.6

5 th stand

8.3

6 th stand

8.9

Figure 4.16 illustrates a comparison of the present work where the oxidation
time ranges from 0.6-20s, with Matsuno’s result on rimming steel [38].
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Figure 4.16 Oxide scale thickness versus oxidation time

It can be seen that the scale growth rate of low carbon steel is larger than the
mild steel, whose scale growth also turns out to be larger than Matsuno’s results.
This could be due to the oxidation tests in Ref. [38] being carried out by water
jet and the scale thickness obtained by the weighing method. In the meantime,
chemical composition may play an important role on the oxidation kinetics. The
most important difference between the rimming steel and the mild steel is that
the former contains a much higher volume of dissociated oxygen than the
Si-killed steel [171]. This difference may be 500ppm or above which is a
comparatively higher figure than the normal amplitude of 30ppm or less in mild
steels. Furthermore, the oxygen content in the Al-killed low carbon steel is
expected to be around 10ppm or less. Oxygen is the reacting element when the
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oxide scale forms. However, results from the comparison between the present
study and Matsuno’s do not prove that a higher oxygen content in the steel
results in a quicker growth of the scale. Because the carbon content affects scale
growth the formation of carbon monoxide at the metal-scale interface slows the
scale growth at 800-1000oC where the gas pressure, which resulted from the
reaction between carbon and oxygen, is not high enough to break the scale layer.
It is reported that the loss of metal is expected to be less for higher carbon steel
than that for lower carbon steel in the reheating furnace. The scale will become
more porous as the carbon content increases [39]. The combined effect of carbon
monoxide [CO] at the metal-scale interface and pores in the scale layers will
slow down the scale growth, which is consistent with the present result. With
aluminum, the Al content is still a residual element and cannot be considered as
an alloy element even though the low carbon steel in the present study is
aluminium killed steel. This makes it ineffective on scale growth. However, the
lack of silicon in low carbon steel is thought to retard scale growth rate [1] and
as a result, the scale growth rate on top of the low carbon steel surface is
evidently slower than on the mild steel in the present study.

4.4 Morphology of the oxide scales
4.4.1 Phase composition in the oxide scale layers on mild steel
It is widely accepted that there are three types of oxides in the scale layers,
wustite, magnetite, and hematite. Because different properties are attributed to
these oxides, an analysis of the oxide scale has been performed after the steel has
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been oxidized for a short time to confirm the phase composition. Figure 4.17
shows the X-ray patterns of the scales that were oxidized after 0.6s at 800, 900,
and 1000oC, respectively.
A comparison of the intensity of the diffraction lines to magnetite and hematite
suggests that both oxides exist in all the layered scales. In the three patterns,
magnetite shows its strong intensity at the angle 2 θ of 35.5, 43.2 and 62.6o
that are at {311}, {400} and {440} planes respectively. However, hematite only
reveals its presence at the 2 θ of 33.1o at {104} place in the three samples. More
Hematite was found in the scales oxidized after 1.2s at 900oC and after 0.6s at
1000oC than after 0.6s at 800oC. The analysis confirms there are three oxides in
the scale layer even after the mild steel has been oxidized for 0.6s.
In the present study it has been found that an etching solution containing three
percent of nital revealed the different phase layers in the scale. Figures 4.18 are
examples of the images for the oxide scale on the mild steel, where oxidation was
carried out in 200g/m3 of air rich with water. From Figure 4.18, different oxide
phases on top of hot rolled steel surface reveal distinct background reflections,
which is grey, less dark and bright. According to published literature [32-39], the
grey part in Figure 4.18 is wustite since it is the thickest and the closest to the
substrate. The less dark and thinner layer on top of wustite is magnetic. Thus, it
can be concluded that in most cases the cross sectional surface of the oxidized
samples reveal three thin layers of hematite at the outer surface of the scale,
followed by magnetite, and a thick layer of wustite. Wustite and magnetite
phases are found in all the images after the samples were
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Figure 4.17 X-ray patterns of the scales on top of the mild steel at different
temperatures: (a) after 0.6s oxidation at 800oC; (b) after 1.2s oxidation at
900oC; (c) after 0.6s oxidation at 1000oC.
oxidized from 0.6 to 160s at 800 to 1000oC. However, as the total scale is thin
when the oxidation period is shorter than 2.5s, it is difficult to distinguish
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hematite from the whole scale layer (Figure 4.18 (c)).

Figure 4.18 Oxide layer on surface of mild steel: (a) after 160s oxidation at
800oC; (b) after 2.5s oxidation at 1000oC; (c) after 0.6s oxidation at 800oC.
All scale layers are porous. When the oxidation time is short, for the samples
oxidized for 0.6s as an example, the thickness of the scale layer is not uniform
(See Figure 4.18 (c)). In the layer of scale on top of the mild steel surface,
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wustite and magnetite stick to each other. Distinct metal-scale interfaces were
found between the substrate and the oxide scale layers (Figure 4.18 (a) to (c)).
The thickness ratio in the scale layers on top of the metal surface is of great
importance when considering them as boundary conditions in a simulation [13].
It was found that the average thickness ratios of wustite/magnetite/hematite were
95:4:1 for pure iron after oxidation in air in the temperature range 700-1250oC
[34]. However, when the scale layers are porous or when the steel is oxidized in a
different atmosphere, the value may be quite different. Sheasby [39] reported a
magnetic/wustite ratio in the range 6.7-7.7% mild steel was oxidized for 3h at
1200oC in a composed environment that 20% H2O presented. This value was
larger than in [34].
Figure 4.19 shows the average thickness of magnetite in the oxide layers of the
mild steel when the oxidation was carried out at 800, 900, and 1000oC,
respectively, in water mist environment.
Generally, the scale layer thickness of magnetite increases with temperature. At
the same time the higher the temperature the thicker the Fe3O4 layer will be.
However, the thickness ratio of the magnetite layer in the total scale layer is quite
different among the conditions tested. The optical micrographs in figure 4.18 (a)
and (b) are two examples of these circumstances. When the mild steel is oxidized
for 160s at 800oC, the thickness of magnetite in the scale layer turns out to be
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Figure 4.19 Thickness of magnetite in the oxide layers of mild steel:
(a) 800oC, (b) 900oC and (c) 1000oC.
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11μm, being 21.1%t of the total scale thickness, that is about 52µm. After the
steel has been oxidized for 2.5s at 1000oC, the magnetite thickness is 6.1µm,
which is 30% of the total scale thickness. It seems that the thickness of the
magnetite depends on the temperature and oxidation time as well.
4.4.2 Phase layers characteristics of low carbon steel after oxidation
The oxide scale layer of low carbon steel is quite different from mild steel.
Figure 4.20 shows the morphology of scale layers on low carbon steel surfaces
which include the polished surface and the as-supplied surface. The interface
between the scale and the metal is very clear (Figure 4.20). In most cases the
scale layers of the low carbon steel are tightly compacted on the metal surface.
For the case of scale growth on top of the deformed scale, it is hard to find any
borderline between the original scale and the newly developed scales, as seen in
Figure 4.20 (a2), (b2) and (c2).
Due to the lack of silicon in the low carbon steel, scales on the metal surface and
scale surface were found to blister easily (Figure 4.21 (a) and (b)). This is
consistent with the result of Matsuno’s study on the blistering of low carbon
rimming steels where he stated that they were caused by on both metal surface
and scale surface oxidation stress [38].

4.5 Summary
In this chapter the oxidation of mild steel and low carbon steel was investigated
by a number of experimental techniques. The two steels are different
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Figure 4.20 Oxide scale layers on surface of low carbon steel: (a) 800, (b) 900 and (c) 1000oC. Numbers ‘1’ refers to the polished
surface and ‘2’ to the as-supplied surfaces.
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steel

Figure 4.21 Blister scale on top of low carbon steel: (a) after 2 seconds
oxidation on the metal surface at 1000oC, (b) after 12 seconds oxidation on the
deformed scale surface at 1000oC

in their carbon and silicon contents. Meanwhile, a considerable aluminum
composition also characterizes the low carbon steel because it is Al-killed when
the steel is made.
The oxidation test was carried out on a Gleeble-3500 Thermal Mechanical
Simulation System. Features of surface topography, oxidation kinetics and
morphology of the tested samples were examined by AFM, XRD and optical
microscopy. As a result of the experiments, the following conclusions can be
made.
4.5.1 Surface features of the oxide scales
(1) Oxidation on hot fresh steel surface occurs predominantly on top of high
peaks and then spreads along the slope of the original asperities of the steel
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surface.
(2) In the early stages of oxidation, high peaks and deep valleys are modified
with many tiny sub-asperities. However, the roughness of the oxidized
surface turns out to be coarser in most cases, which correlates with the
variation of the skewness Rsk vs oxidation time.
(3) During oxidation, the amplitude of Rsk presents a decreasing trend at 900ºC,
1000ºC and the early stage of 800ºC, but it is larger than the corresponding
value before oxidation.
(4) Section analysis by AFM shows that the oxide scale has a similar surface
texture to that before oxidation up to 1.2s oxidation. With longer oxidation
the horizontal distances of the asperities on the scale increases, simplifying
the surface texture.
(5) The particle size increases with time while its shape does not change
significantly.
(6) Before oxidation the roughness exhibits primary, secondary and tertiary
wavelengths. However, there is no clear secondary or tertiary wavelength
after oxidation.
(7) An analysis of the density of the power spectrum indicates that in 1D case
the dominant wavelength increases as the oxidation time increases. There is
also evidence that the dominant wavelength in 2D case increases with
oxidation temperature.
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4.5.2 Kinetics of scale growth
(1) Scale grows quicker on the surface of the low carbon steel than on the mild
steel. The lower carbon and silicon content of silicon contribute to the
difference in scale growth.
(2) Scale growth rate on top of the two steels surface obey a parabolic growth
law. The thickness of the scales for a virgin surface can be determined by the
following equations:

ξ mild = 844.45 × t ⋅ exp(

− 5638.27
) for mild steel when 0≤ t ≤160s,
T + 273

800≤ T ≤1000ºC.

ξ lcs 0 = 2948.46 × t ⋅ exp(

− 6290.26
)
T + 273

for

low

carbon

steel

when

0≤ t ≤20s, 800≤ T ≤1000ºC.
(3) When the steel surface is originally covered with a layer of oxide scale, the
scale growth us retarded. Furthermore, the scale growth on the black surface
of the low carbon steel can be written as:

ξ lcs1 = 1.12 × 10 5 × t ⋅ exp(

− 11102.71
) + 20.95
T + 273

where 0≤ t ≤20s, 800≤ T ≤1000ºC.
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4.5.3 Morphology of the oxide scales
(1) Microscopic analysis and XRD analysis show that the oxide scale on the
steel surface contains three layers: hematite, magnetite and wustite after any
oxidation period longer than 0.6s.
(2) Due to a lack of silicon, the oxide scales on the low carbon steel surface is
adherent to the steel substrates. In the meantime, blisters resulting from the
oxidation stress were found on the mild steel surface.
(3) Magnetite thickness was measured on the mild steel scale. Its ratio in the
total scale depends on the oxidation temperature and time.
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Chapter 5 Surface Profile Transformation after
Hot Rolling

5.1 Introduction
Surface features are an important quality factor for hot rolled steel strip. The
difference between hot and cold rolling is that there is always a layer of oxide scale
on the surface of the work piece surface in hot rolling. When hot rolled products
are used immediately in manufacturing the surface aspects, surface properties, and
other mechanical properties was dictated [38, 152]. In the hot rolling process the
inter-stand surface roughness of the hot strip may also have some impact on the
tribological features in the next pass. An understanding of the surface profiles and
its roughness transfer is needed to produce an accurate and reliable controlling
model for the hot rolling process. Moreover, a knowledge of the surface roughness
of the pickled steel strip will indicate how this process affects the surface quality is
important to the cold rolling processes downstream. In recent years, many studies
have assessed the tribological phenomena in the roll bite during hot rolling [11, 14,
19], but the surface features of the strip and the transformation from pass to pass of
its surface roughness have not been widely reported [86].
The objective of this chapter is to examine the hot rolling parameters, lubrication
conditions, and original surface roughness on the surface profiles of the strip.
Surface defects such as cracks in the oxide scale will be evaluated and the
pickled surfaces were also examined. It should be pointed out that the surface
profile after pickling is not exactly the interface of oxide scale and substrate
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metal before pickling. However, information on the pickled steel surface helps in
the understanding of how hot rolling influences surface quality before cold
rolling in a cold steel strip mill. Hot rolling experiments were carried out as part
of the investigation. Roll surface changes were considered during the tests so that
the surface roughness of the samples could be correlated to the corresponding
conditions of the roll surface. The material for the test samples and the
experimental procedure are outlined in chapter 3. The experiments are divided into
three groups that consider: (i) the effect of original surface roughness, (ii) different
lubricating conditions, and (3) the effect of rolling temperature, passes reduction
and rolling speed. The rolling tests were performed at a nominal reduction range
of 7.5-45% in a temperature range between 823oC to 1059oC to simulate
conditions in a typical hot strip mill. Due to the capacity of the experimental
rolling mill the speeds were limited to 0.09-0.72 m/s.
5.2 Work roll roughness evolutions
As mentioned in chapter 3, roll surface profiles were measured on the top work
roll during the tests. There were two roll campaigns in the present study. Figure
5.1 is the roll surface roughness evolution in the two campaigns. A portable
surface profile meter, Surtronic by Rank Taylor-Hobson, was used to measure the
roll surface roughness changes every 3-5 passes in the first work roll campaign,
where only the axial direction was measured. Roll surface profile in the second
campaign was characterized from the polymer replica of the roll surface on the
Hommel Tester T1000, which allows measurement of the surface profiles axially
and circumferentially. From Figure 5.1, it can be seen that the average roughness
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Figure 5.1 Work roll surface roughness evolution during rolling
(a) first campaign (surface profile for circumferential direction not available);
(b) second campaign

of the roll surface is similar to the two roll-campaigns, especially in the first 20
passes where the roughness values increase sharply. As number of passes increase
the rate the work roll changes roughness declines in both campaigns.
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Data in Table 5.1 indicates the lubrication history in both campaigns. Oil was
introduced into the roll bite after the 95th pass in the first campaign while water
and oil-water emulsion were uses at the 23rd pass in the second campaign.
According to Figure 5.1, it can be seen that the deterioration in surface roughness
slows down after a certain number of passes even if there is no lubrication. Similar
result were found in cold rolling [153] where the surface roughness declines
quickly after the first 9 passes followed by a rather slow change after 16 passes.
The surface profiles in Figure 5.2 provide a simple description of the roll surface
deterioration process. As a result of grinding, the roll surface exhibits anisotropic
features axially and circumferentially (Figure 5.2 (a) and (d)). However, the
surface roughness changes in the same manner in both directions, as shown in
Figure 5.1 (b). It is evident that the average roughness of the roll surface axially
and circumferentially becomes closer after about 25 passes. The difference
between the Ra values in two directions is about 0.3µm before rolling, which
reduces to 0.2µm after 20 passes (Figure 5.2 (b) and (e)) and 0.15µm at the end of
the campaign (Figure 5.2 (c) and (f)). Changes in the values for Rz in axial
direction seem to be limited more than those in circumferential direction. The
average maximum height (Rz) of the circumferential profile deteriorates very
quickly in the first 25-30 passes but slows down afterwards. The variation in the
Rz value with the number of passes indicates that material was removed from the
surface as the number of passes grew.
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Table 5.1 Lubrication condition in two roll-campaigns †
First campaign
Pass

Lubrication

Temperature, oC

0-44

dry

800-1000

45-53

dry

1012-1059

54-63

dry

941-979

64-70

dry

882-917

71-78

dry

823-865

79-95

dry

820-1000

96-102

oil

1010-1060

103-108

oil

940-970

109-115

oil

820-865

116-122

oil

880-920

123-126

oil

810-1020

Sample surface Ra, μm

0.30

Second campaign
Rolling Temperature

†

o

Pass

Lubrication

C

0-8

dry

As-supplied: 1.2-2.0

9-16

dry

0.075

17-23

dry

24-30

Water

0.30

31-35

1/200 oil/water

0.30

36-42

1/100 oil/water

0.30

43-46

dry

890-925

895-935

Sample surface Ra, μm

3.0

0.30

Surface roughness refers to the original sample surface roughness parallel to grinding orientation before

heating. The as-supplied sample has an isotropic surface.
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Figure 5.2 One dimensional profile evolution of work roll surface in the second campaign.
(a) and (d): new machined roll surface; (b) and (e): after 20 passes of rolling; (c) and (f): at the end of the campaign.
(a), (b) and (c): along cylindrical direction; (d), (e) and (f): along axis direction.
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5.3

Surface roughness of the hot rolled steel samples

In order to quantify the effect of rolling parameters on changes to the surface
profile, several profile parameters, Roughness Average (Ra) and Root
Mean-square Roughness (Rq) are used to describe changes due deformation from
hot rolling. The kurtosis (Rku) and skewness (Rsk), mentioned in the previous
chapter are also used as the amplitude distribution functions to characterize the
surface features. Measurement of the surface roughness of hot rolled steel was
carried out in the secondary oxide scale area whether deformed or not.

Due to the possibilities of cracks and/or ploughing marks caused by rolling, it is
important to select a representative value to assess the surface profile. Figures 5.3
shows the comparisons of surface roughness values at different positions and
directions on hot rolled samples whose original surface roughness (Ra) is 0.30μm
(Figures 5.3 (a)) and 0.075 μm (Figures 5.3 (c)) parallel to grinding directions.

The values in Figures 5.3 (b) and (d) were covered in oil/water emulsions and
dry-lubricating conditions, both top and bottom surfaces, and parallel and
transverse rolling directions. The information in Figure 5.3 confirms that the
values of surface roughness of both surfaces and both directions on one sample
are close to each other. Therefore, it is reasonable to employ the surface
roughness values parallel to the rolling direction on the top surface to depict the
surface roughness of a sample.
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Figure 5.3 Values of surface profile features in different position on the hot
rolling samples. (a) Ra, Rq, (b) Rsk, Rku at top and bottom sides of samples,
oil/water emulsions lubricated, reductions 9.6-47.1%, rolling speeds 0.12 m/s,
temperatures 900oC; (c) Ra, Rq, (d) Rsk, Rku parallel and transverse to rolling
direction, dry rolling without lubrication, 8.63-46.61% reduction, 0.12 m/s
rolling speed, temperatures 900oC.
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5.3.1 Effect of original surface state on the hot rolled product surface
roughness †
As indicated in Chapter 3, there are four original surfaces involved in the hot
rolling experiment to examine the original surface states of the samples on the
roughness of the final product. Detailed original surface roughness samples and
hot rolling parameters were outlined in Chapter 3. The hot rolling operation in this
series of experiments was carried out without lubrication. In order to simplify the
results only those values of surface roughness parallel to the grinding direction
were indicated in the corresponding figures to represent the surface groups, ie,
1.2-2.0 hot rolled surface, 3.0, 0.30 and 0.075μm.

(1) Non-deformed surface profiles
Surface roughness was first measured on the undeformed re-heated samples to
obtain some knowledge of their initial condition. These samples were processed
without rolling in the same procedure detailed in Chapter 3 for the deformed
ones. Figure 5.4 is an example of the measured undeformed surface profiles
before and after re-heating for group whose original surface roughness was 0.30
and 0.50μm parallel and transverse to the direction of grinding. In the parallel
direction, 45 degree and 90 degree to the direction of grinding the values of Ra
are 0.34, 0.69 and 0.55μm respectively before re-heating. After re-heating to
1200oC, the roughness values become 2.87, 2.69 and 2.77μm respectively. Such
similarities are also found for other roughness parameters, such as Rq, Rsk and Rku
†

Hot rolling experiments in this section were carried out in the second roll-campaign.
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that are illustrated in Table 5.2. The close values of Ra, Rq, Rsk and Rku on the
re-heated steel surfaces in the three directions indicate that the grinding marks
disappear almost completely afterwards. These results confirm the findings in
Chapter 4 that the ground steel surface would become isotropic after a certain
period of oxidation.
The surface features of the re-heated sample which originated from the samples
with different surface roughness are illustrated in Table 5.3. Surface roughness
values of the corresponding pickled samples are also detailed in this table.
According to Table 5.3, the values of Ra and Rq on the surface of the re-heated
sample increase as their original surface roughness increases, except for sample
with the as-rolled surface. There is a very slight difference between the
skewness values after re- heating for the three sample groups with machined
surfaces. The two re-heated surfaces had positive skewness values but before
being re-heated had smaller original roughness values than the rest. This implies
that these two surfaces were characterized with high peaks after re-heating. For
the sample group with an original surface roughness of Ra=3.0μm parallel to
grinding, skewness is very close to zero while the kurtosis values are close to 3.
These features indicate the flat and random characteristics of the reheated
surface. However, the surface profile of the re-heated as-rolled surface is quite
different from the machined ones. The values of Ra and Rq are not larger than the
three groups with machined surfaces even though its original surface is quite
coarse. The fact that the negative skewness and kurtosis values are larger than 3
indicates that the re-heated surface has high peaks and deep valleys.
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Figure 5.4 Surface profiles at different directions of Ra=0.30μm group samples before and after reheating
(a), (b) and (c): parallel, 45 degree and transversal to grinding direction before reheating;
(d), (e) and (f): parallel, 45 degree and transversal to grinding direction after reheating.
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Table 5.2 Surface roughness at different directions of Ra=0.30μm group samples before and after reheating
To the
grinding
orientation

Original surface
Ra (µm)

Rq (µm)

Reheated surface

Rsk

Rku

Ra (µm)

Rq (µm)

Rsk

Rku

Parallel

0.34

0.45

0.62

3.25

2.87

3.61

0.39

3.09

45o

0.69

0.84

-0.02

2.40

2.69

3.42

0.31

3.53

90o

0.55

0.69

-0.38

3.01

2.77

3.63

0.35

3.33

Table 5.3 Surface roughness of the reheated samples with different original surface features
Original surface Ra
Original
(µm)
Surface feature

Surface after reheating and before rolling
Ra (µm)

Rq (µm)

Rsk

Rku

Pickled surface of reheated and before rolling
Ra (µm)

Rq (µm)

Rsk

Rku

Ground

0.075

2.67~2.87

3.41~3.61

0.31~0.32

2.86~3.02 2.73~3.10

3.53~4.06 -0.73 ~-0. 14 3.37~3.54

Ground

0.30

2.82~2.96

3.56~3.68

0.39~0.47

3.09~3.14 3.12~3.54

4.03~4.43 -0. 34~-0. 27 3.53~3.99

Ground

3.0

4.92~5.05

6.03~6.23 -0.03~-0.05 2.54~2.56 4.96~5.41

6.23~6.95

0. 002~0. 09 3.12~3.40

Hot rolled

1.2-2.0

2.75~2.85

3.45~3.63 -0.67~-0.72 3.44~3.79 3.75~3.94

4.49~4.64

-0.92~-0.77

3.64~4.00
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Of all the four groups of samples, the surfaces of the pickled, re-heated ones
become coarser than their original ones. The values of Ra and Rq are larger than
the corresponding re-heated secondary oxide scale surface. Negative skewness
characterizes the surfaces except for the Ra=3.0μm sample group, with has almost
zero skewness. The amplitudes of kurtosis of the pickled sample surfaces are
larger than 3 which suggest the existence of high peaks on all of them.
Nevertheless, the differences of skewness and kurtosis between the pickled
surfaces and the re-heated ones are insignificant compared with their amplitude.
In fact, surface roughness after pickling is influenced by the parameters of the
pickling operation including the solution, the acid used and its concentration,
pickling time and temperature, as well as the inhibitors being applied. In order to
make the surface roughness values comparable, there was a strict pickling time of
1-2min with a certain solution, as noted in Section 3.4.3.
In conclusion, the re-heated sample surfaces coated with secondary oxide scales
are coarser than their re-heated surface with the same order of surface finish for
the ground samples. The pickled, re-heated surfaces have comparably higher
peaks and deeper valleys than on the re-heated ones except for the Ra=3.0μm
sample group.
(2) Effect of original surface roughness on product surface profile as function
of rolling reduction
Figure 5.5 (a)~(f) shows the results of the original surface roughness on the
hot rolled and pickled sample surface profiles under different reduction, where
rolling speeds were controlled at 0.12m/s at a nominal temperature of 900oC. Of
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all the hot rolled surfaces, both Ra and Rq decrease with reduction. Samples with
originally hot rolled surfaces are close to the samples group Ra=0.075μm, original
surface roughness of which was the finest. However, when reduction reaches
36.5-39.5%, the Ra and Rq values demonstrate in Figures 5.5 (a) and (b) that the
effect of the original roughness on the hot rolled surface profile disappears. Thus
it can be deduced that the effect of surface roughness on the surface profiles of
the transfer bar is negligible if the slab has already undergone heavy reductions.
Skewness of all the hot rolled samples range are from -0.37~-2.9 and kurtosis
ranges from 2.9~6.9. Samples with originally as-rolled surface display the
maximum absolute values for both skewness and kurtosis. For samples with
original Ra=0.075μm, very limited change with reduction has been found in both
skewness and kurtosis. For the rest of the sample groups, kurtosis increases
slightly while skewness decreases with reduction. Compared with the data in
Table 5.3, the absolute values of skewness and amplitude of kurtosis on the hot
rolled samples become larger than those on the re-heated surfaces. This indicates
that the peaks become higher and valleys deeper on the hot rolled surfaces than
on their re-heated surfaces. However, samples with hot rolled surfaces exhibit the
most complex surface shape while the original Ra=0.075μm group displays the
simplest at higher reduction according to the values of skewness and kurtosis.
The pickled surfaces on the hot roll samples display different surface roughness
compared to those before pickling. Ra and Rq range from 2~4 and 2.9~4.9μm
respectively, in which the largest amplitude changes occurred in the Ra=3.0μm
sample group followed by the group of Ra=0.075μm. At a heavy reduction, their
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pickled surface roughness values decrease as the original surface roughness
decreases. Of the original sample groups with hot rolled surfaces and
Ra=0.30μm, there is no significant change to the Ra and Rq values when rolling
reduction increases. Compared with Figure 5.5 (a) and (b), the values of Ra and
Rq after pickling are much larger than those without pickling and after rolling.
However, the kurtosis and skewness are from 2.7~4.5 and –0.15~-1.2
respectively, which are in a much smaller range than those that were not pickled.
(3) Effect of original surface roughness on product surface profile as function
of rolling speed
Figure 5.6 (a)~(d) shows the results of the original surface roughness of the hot
rolled samples and surface profiles pickled when the rolling speed changes from
0.09-0.72m/s in a temperature range 890-925oC, at reductions of 18.25-22.36%.
According to Figure 5.6 (a), both Ra and Rq of each group of samples with hot
rolled surfaces decreases slightly as rolling speed increases. But the rolling speed
has only a limited effect on changes to roughness. This result confirms the
findings by Sun et al.[128].
Larger values of Ra and Rq are found on the pickled surfaces than on the hot
rolled samples. Variations of Ra and Rq on the pickled surface are from
2.9-3.5μm and 3.6-4.4μm respectively. The corresponding Ra and Rq are
0.8-1.6μm and 1.1-2.1μm. For each group of samples the effect of rolling speed
on the pickled surface roughness is insignificant.
At all rolling speeds, negative skewness, which is in the range from -0.04~-1.6,
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Figure 5.5 Steel surface profiles as functions of reduction and original surface roughness: rolling speeds=0.12m/s and temperatures 900oC
under dry-rolling condition. (a), (b) and (c): after hot rolling; (d), (e) and (f): after pickling
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characterizes the surfaces of the hot rolled samples and kurtosis is from 3.6-6.9,
which is larger than 3. These values indicate that there are many extruding high
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Figure 5.6 Steel surface profiles as functions of rolling speed and original
surface roughness: reduction=18.25-22.36% and rolling temperature=900oC
under dry rolling without lubrication condition. (a) and (b): as rolled surface; (c)
and (d): pickled surface †

peaks and deep valleys across the average planes on the surfaces of the hot rolled
samples. The effect of rolling speed on the values of skewness is insignificant
while kurtosis of the hot rolled samples increases within a limited range as speed
increases. There is no clear order showing how the amplitude of kurtosis or
†

The 0.25-0.35μm group sample was mot tested in the second roll campaign for the effect of rolling
speeds on hot rolled steel surface feature.
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skewness changes conditions at each speed with their original surface. Similar
situations were found after pickling. The skewness and kurtosis values range are
from –0.2~-1.6 and 2.7~4.9. It is obvious that the absolute values of skewness
and kurtosis are much smaller than those on the surfaces of the hot rolled
samples, implying that the pickled surface is flatter than after hot rolling.
5.3.2 Effect of lubrication on surface roughness †
The five lubrication conditions that were applied in the experiments are dry
rolling without lubrication, water lubrication, 1:200 oil-water emulsions
lubrication, 1:100 oil-water emulsion lubrication and 100% oil lubrication
respectively.
(1) Effect of lubrication on product surface profiles as a function of reduction
Lubrication plays an important role on both the surfaces of the hot rolled and
pickled hot rolled samples, as illustrated in Figure 5.7.
According to Figure 5.7, Ra and Rq on the hot rolled surfaces evolves the same
way as rolling deformation increases for all conditions of lubrication. It is
obvious that the greater the reduction, the smaller the surface roughness of the
hot rolled surface. At a reduction of less than 18%, the effect of lubrication
surface roughness on the hot rolled sample is in order of dry rolling, water, 1:100
oil/water emulsions, pure oil with 1:200oil/water emulsion at best. This result is
similar to that of Shirizly and Lenard’s hot rolling experiments at 25% reduction
in [103], where sample appearance was taken on the surfaces covered with hot

†

The hot rolling experiments were from the second roll campaign except for the oil-lubricated.
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deformed primary scales that were initially 320-400μm thick. The previous
sentence does not make sense. However, the order of lubrication in the present
study will not exist anymore when the pass reduction is larger than 25%, as found
in Figure 5.7 (a) and (b). Nevertheless, dry rolling without lubrication produces
the largest surface roughness on the hot rolled surface at all reductions.
For every type of lubrication used, the kurtosis of the hot rolled surface increases
with reduction. Skewness, on the other hand, decreases and then increases, but it
keeps decreasing for dry rolling without lubrication. The changes of kurtosis and
skewness values indicate that peaks and valleys increase on the surface of the hot
rolled steel sample as reduction increases. But the valleys reduce when reduction
increases above 40%. Variations in skewness and kurtosis may reflect surface
defects such as cracks and ploughing marks, which are discussed in the following
paragraphs.
Changes in surface roughness of the hot rolled steel sample after pickling also
indicate some important information. According to Figures 5.7 (d) and (e), under
all lubrication conditions both Ra and Rq decreases as the rolling pass reduction
increases, except where there was no lubrication. Pure oil is the most affective
lubrication for the surface roughness of pickled hot rolled steel surfaces followed
by 1:100 oil/water emulsion, 1:200 oil/water emulsion and pure water. Compared
to the surface roughness of the non lubricated samples in Figure 5.7 (d) and (e),
lubrication improves the roughness of the pickled surface at a heavy reduction.
Although lubrication affects the Ra and Rq values its effect on the amplitudes of
skewness and kurtosis is insignificant. Skewness ranges from 0~-0.7, which is
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Figure 5.7 Steel surface profiles as functions of reduction under different lubricating conditions: rolling speeds=12m/s and
temperatures = 900oC, (a), (b) and (c): as rolled surface; (d), (e) and (f): pickled surface
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close to 0, and kurtosis ranges from 2.6-4.3, indicating that the pickled surfaces
of the hot rolled steel sample is characterized by some peaks shooting up the
average plane, but with fewer valleys.
In most cases, the surfaces of the pickled hot rolled sample are coarser than that
of the pickled undeformed surface. In Figures 5.7 (d) and (e), Ra and Rq values
on the pickled undeformed sample surfaces range from 2.7-3.1μm and 3.5-4.1μm
respectively. After hot rolling, the two roughness parameters become 2.2-4.1μm
and 3.6-5.4μm.
(2) Effect of lubrication on product surface profiles as a function of rolling
speeds
Figure 5.8 shows the effect of lubrication on sample surface profiles when the
rolling speed is varied from 0.10-0.72m/s. In order to attain the maximum rolling
speed of 60rpm (approximately 0.72m/s) for the study, reductions have to be
limited below 18% within the range from 15.11-18.88%. The original sample
surface roughness was 30μm parallel to the direction of grinding.
According to Figure 5.8 (a), Ra and Rq decreases with speed for all lubrication
conditions, but the speed effect is limited. This phenomenon is similar to the
previously discussed case concerning the effect of the original surface roughness
on the sample’s surface profiles. The effect of rolling speed on the surfaces of the
pickled hot rolled steel sample is also insignificant. Figure 5.8 (c) displays a
slight decline in pickled surface roughness when speed increases for water
lubricated and 1:100 oil/water emulsion lubricating conditions. But with pure oil
lubrication the pickled surface roughness increases slightly and then declines as
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the rolling speed increases.
After hot rolling, the roughness values of Ra and Rq are smaller than the
preheated ones before rolling. On the pickled surface, the roughness amplitudes
are larger than before rolling. This result is similar to Figure 5.7 (a)-(b) and
(d-(e).
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Figure 5.8 Steel surface profiles as functions of rolling speed and
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Figure 5.8 (b) and (d) illustrates the effect of rolling speed on skewness and
kurtosis on the hot rolled and pickled, hot rolled samples. It can be seen that
rolling speed has a very limited effect for all lubrication conditions. On the
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as-rolled surface, oil produces the smallest kurtosis values at all rolling speeds
and the skewness is closest to zero, indicating the least change in surface
roughness. With the pickled surface, skewness is close to zero while kurtosis is
close to 3, implying no significant change in surface roughness.
5.3.3 Effect of roll bite temperature †
The effect of hot rolling temperature on steel sample surface profiles was analyzed
at oil-lubrication in a larger rolling entry temperature range form 823-1059oC,
namely 850, 900, 950 and 1025oC respectively. As mentioned in Chapter 3,
different reductions and rolling speeds were tested. Surface roughness was
measured on the non-pickled and pickled sample surfaces first, after being
preheated at the four temperatures.
(1) Effect of temperature on hot rolled sample and pickled steel surface
Figure 5.9 shows the hot rolled steel sample surface roughness Ra as functions of
reduction and rolling entry temperature. Profiles of the pickled hot rolled sample
surfaces were also included in this figure.
The roughness of the as-rolled surface decreases with reduction for all
temperatures. Thus the effect of reduction on surface roughness is similar to that
in Figure 5.5 (a)-(b) and Figure 5.7 (a)-(b). When oil is used for lubrication the
surface roughness of the as-rolled steel sample is decreased as the temperature
decreases when compared to a certain reduction (See Figure 5.9 (a) and (b)). The
smallest roughness was produced at 850oC entry temperature series. Under the

†

All tests were carried out in the first roll campaign.

115

Chapter 5 Surface Profile Transformation after Hot Rolling

test lubrication condition the parabolic law dominates the roughness function of
reduction. Simple regression shows that an exponential relationship exists
between the roughness and deformation temperature at a certain reduction. Thus,
the surface roughness lubricated with oil can be described by the following
multiple regression equation when rolling is carried out at 0.12m/s speed:
R (ε , T ) = 4.84 − 0.13ε + 0.0016ε 2 − 5.36 exp(−T / 1000)

(5.1)

where ε is the percentage reduction, and T the deformation temperature in K.
When the sample is pickled, the effect of reduction on the pickled surface
roughness is different from the as-rolled one. Figure 5.9 (b) illustrates the pickled
surface roughness changing with reductions at the four rolling temperatures.
Important information can be obtained from Figure 5.9 (b), in most cases the
largest surface roughness values on the pickled steel sample were produced by hot
rolling at 850oC which was the lowest deformation temperature series in the
present study.
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Figure 5.9 Hot rolled and pickled steel sample surface roughness as function
of reduction and rolling temperature. (a) as-rolled surface; (b) pickled surface.
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The surface roughness of hot rolled steel after pickling is shown in Figure 5.10 as a
function of rolling speed at different temperatures. With the as-rolled surface,
roughness declines slightly as rolling speed increases (Figure 5.10 (a)). The effect
of rolling speed on the as-rolled surface roughness is limited. The surface
roughness of the as-rolled surface decreases when the rolling entry temperature
decreases in general. However, when the surface has been pickled the effect of
rolling speed or temperature on surface roughness changes (Figures 5.10 (b)). The
surface roughness increases slightly with rolling speed in most cases. Similar to
Figure 5.9 (b), the largest roughness values were at 850oC.
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Figure 5.10 Hot rolled and pickled steel sample surface roughness as
function of rolling speed and rolling temperature. (a) as-rolled surface and (b)
pickled surface.

(2) Hot rolled steel sample surface skewness and kurtosis at different rolling
temperatures
Figures 5.11 and 5.12 are the skewness and kurtosis of the as-rolled and pickled
sample surfaces as functions of rolling reduction and speed at different rolling
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temperatures.
The effect of temperature on the surface of the hot rolled sample skewness and
kurtosis is insignificant when reduction changes. From Figure 5.11, when
reduction increases, skewness of the surfaces decreases while kurtosis increases.
The variations of skewness and kurtosis at all temperatures, with reduction, are
similar to Figure 5.5 (c) and 5.7 (c). However, the effect of reduction on the surface
seems to be rather limited in the present temperature range. Nevertheless, the
absolute value of skewness and kurtosis of the surface at all temperatures becomes
larger than their corresponding values after reheating and before rolling, indicating
that rolling affects the transformation of the surface.
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Figure 5.11 Skewness and kurtosis of hot rolled and pickled steel sample as
function of reduction and rolling temperature. (a) hot rolled surface; (b)
pickled surface
On the pickled surfaces the effect of reduction on skewness and kurtosis at all
temperatures is not as strong as that on the hot rolled surfaces. The absolute
values of skewness smaller than 1.5 indicate a few deep valleys on the pickled
surface. Minor effects were found on the reduction of kurtosis. The skewness of
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the pickled surface is almost the same as that on the pickled, reheated one with
only a small increase in kurtosis.
The influence of rolling speed on surface skewness and kurtosis is illustrated in
Figure 5.12. At all rolling temperatures, speed has little impact on the hot rolled
kurtosis and skewness. A similar case was found with the pickled surface. This
result is quite consistent with those in previous discussions concerning the
original surface profile and lubrication that are illustrated in Figure 5.6 and 5.8.
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Figure 5.12 Skewness and kurtosis of hot rolled and pickled steel sample as
function of rolling temperature and speed. (a) hot rolled surface; (b) pickled
surface.

5.4 Discussion
Asperity contacts at the interface of work roll and steel sheet is widely accepted
concerning friction and lubrication in cold rolling where it is assumed that
asperity flattening exists [133, 135, 140, 154, 157]. However, it has been found
in this study that surface roughness is not necessarily larger than on the work roll.
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Figure 5.13 is a comparison between the surface roughness of the roll and both
the hot rolled steel sample and the pickled steel surface. Roughness on steel
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Figure 5.13 Roughness of work roll surface roughness, hot rolled steel
samples and pickled surfaces in the second work roll campaign

It can be found from Figure 5.13 that neither the hot rolled surface nor the
pickled one displays a clear correlation with the surface roughness of the work
roll. Actually the superficial features of hot rolled steel are characterized by an
oxide scale layer on the surface of the product. Due to the different mechanical
properties and deformation behavior between the scale layer and the substrate
material [2, 30, 90, 106, 111-112], transformation of the surface profile after hot
rolling reduction may vary from cold rolling. It has been claimed that the hot,
deformed steel surface is a combination of failure of the oxide scale and
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re-oxidation [29]. According to Figures 5.5-5.12, of all the processing
parameters, reduction proves to be the most significant parametric element on
surface roughness. Other parameters such as hot rolling temperature, lubrication,
and initial surface roughness, may have some effect on surface profiles of the
sample.
5.4.1 Effect of rolling temperature on the hot rolled steel sample surface

Figure 5.14 shows the 3-D images of the as-rolled surfaces on selected samples
that have experienced 41.5-44.0% reduction under oil-lubrication at the rolling

12000μm

12000μm

speed of 0.12 m/s at 1006, 942, 906 and 850oC, respectively.

12000μm

12000μm

Cracks

Figure 5.14 3-Dimensional surface images of samples at reduction from
41.5-44.0% and rolling speed 0.12m/s, oil-lubricating. (a) 1006oC, (b) 942oC, (c)
906oC and (d) 850oC
From Figure 5.14 it is easy to see that the textures of the rolled surface differ
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from each other even though their surface roughness values (0.7, 0.6, 0.5 and 0.5
microns) are close. In the meantime the roughness values of the samples rolled at
906 and 850oC are smaller than the surface roughness of the work roll. The
sample surface deformed at 1006oC is isotropic. When the rolling temperature
decreases the direction of hot rolling was marked on the surface and it turned out
to be anisotropic. The lower the rolling temperature the more severe the
ploughing prints. This means the surface texture alters when the rolling
temperature changes even though the roughness values are close, or the same.
2D isotropic Power Spectrum Density (PSD) [150] analysis provides a better
understanding of the constituent features of the samples deformed at 1006, 942,
906 and 850oC, as illustrated in Figure 5.15. From the figure it can be seen that
each sample has one sharp peak in the PSD distribution diagram where the
tapered PSD plots feature flat, hot rolled surfaces. The wavelengths detected for
the four samples are 50.1, 33.3, 33.3 and 38.5μm for samples rolled at 1006, 942,
906 and 850oC respectively. It must be pointed out that spectrum power declines
quickly as the rolling temperature decreases. At 1006 and 942oC it can be seen
that each rolled surface is dominated by a single wavelength. But at 906 and
850oC, the surfaces are controlled by their primary and some secondary
components.
The evidence indicates that it is difficult to make an explicit correlation between
the surface of the work roll and the oxidized as-rolled surface. Furthermore the
scale surface profile indicated may be different from the surface underneath. It
should be pointed out that cracks characterize the deformed scale surfaces, as one
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can find in Figures 5.14. It is expected that the deformation of the scales, which
will be discussed in later sections, and their mechanical properties would
contribute to the crack formation.
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Figure 5.15 Comparison of surface power spectrum density of as-rolled
samples at reduction in the range 41.5-44.02% and rolling speed 0.12m/s.

5.4.2 Effect of lubrication on surface profiles and cracks in oxide scale layer
Figure 5.14 has already shown that cracks are a feature of the hot rolled surface
covered with a layer of oxide scale. A comparison of the effect of the lubrication
methods on the surface profiles is illustrated in Figure 5.16.
The surface profile of the five samples differ from each other even though their
roughness values are closed and range between 0.41-0.50μm. Sample reductions
for Figure 5.16 (a) and (b) are close to 37%. Deep valleys and sharper ridges
characterize the first two surfaces that experienced dry and water lubrication. For
Figures 5.16 (c) and (d), reductions are close to 46% while in Figure 5.16 (e), it
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is 43%. The skewness values of the three surfaces are 0.087, 0.23 and –0.19 with
kurtosis values of 6.17, 7.63 and 6.37. These figures demonstrate that a similar
surface property characterizes the three surfaces. But apparently Figure 5.16 (d)
has a deeper – ploughed surface.

Figure 5.16 Comparison of lubricating condition on hot rolled sample
surface.
(a) dry-rolling without lubrication, 37.16% reduction at 903oC, Ra=0.49μm;
(b) water lubricated, 36.83% reduction at 920oC, Ra=0.41μm;
(c) 1:200oil/water emulsion lubricated, 45.3% reduction at 930oC, Ra=0.43μm;
(d) 1:100 oil/water emulsion lubricated, 47.1% reduction at 930oC, Ra=0.44μm;
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(e) 100% oil lubricated, 43.3% reduction at 909oC, Ra=0.50μm.

When Shrizly and Lenard studied the effect of lubrication in hot rolling of carbon
steel [103], they evaluated the surface with optical images. The chemical
composition of their testing is close to the present study. The authors pointed out
that the 1:1000 oil/water emulsion lubrication produced the smoothest surface for
a reduction of 25%. The effect of lubrication by 1:500 oil/water mix emulsion or
water is in the middle, and dry rolling without lubrication gives the worst cracked
surface. They attributed cracks to the oxide scale thickness that was initially
320-400μm before hot rolling. They further pointed out that lubrication will
moderate the mechanical properties of the oxide scale layer that result in a
different surface appearance.
In the present study, the effect of lubrication on surface roughness after rolling is
affected by reduction for which the initial oxide scale thickness was in the range
41-80μm. As mentioned previously, the lubricating effect in the heavy reduction
region is rather complicated. For a lower reduction, lubrication on the roughness
evolution seems to be more significant than heavy reduction, as shown in Figures
5.5 (a) and (b). A close examination of the effect of two emulsion mixtures on
surface profiles was carried out by the 3-D images in Figure 5.17. The images in
this figure illustrate the surface evolvement of the sample in the reduction range
27.7-47.1% with 1:200 and 1:100 oil/water emulsion mixtures. Table 5.4 is the
surface roughness values for the two sample groups. Figure 5.17 confirms that
either emulsion will produce cracks on the surface, on which the oxide scale
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layer is from 20-50μm. The two sample groups deformed in a similar manner.
However, the 1:100 oil/water mixed-emulsions has the smaller value of surface
roughness.

cracks

cracks

Figure 5.17 Evolutions of the hot rolled steel sample surface under two
lubricating conditions. Rolling temperature 900oC, rolling speed from 0.12m/s;
(a)-(c): 1:200 oil/water emulsion-lubricated experiencing 27.8, 37.7 and 45.3%
bulk material deformation, (d)-(f): 1:100 oil/water emulsion lubricated with bulk
material deformation of 28.4, 38.5 and 47.1%, respectively.
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It should be pointed out that the present results of roughness on both surfaces
after hot rolling and pickling may not be applicable for low carbon steel. Some
difference of flow stress exists at high temperature for low carbon steel and the

Table 5.4 Surface evolutions of two surface roughness samples

Lubricating
method
1:200 mixed
oil plus water
1:100 mixed
oil plus water

Hot rolled sample
Reduction

Ra

Reduction

Ra

Reduction

Ra

%

μm

%

μm

%

μm
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Figure 5.18 Comparison of low stress of low carbon steel and mild steel
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present mild steel, as shown in Figure 5.18. The results were calculated with
Shida’s equation [171] at a 0.3 strain and 5s-1 strain rate. The difference of flow
stress between the mild steel and the low carbon steel is from 12.3-5.8 MPa from
800-1100oC. It is expected that the bulk materials in hot rolling will deform
differently which will result in a varied strain even though the two steels
experience the same strain and strain rate. Thus the deformation of oxide scales
on top of the bulk materials will also be different.

5.5 Summary
In this chapter the hot rolling experiments of mild steel were carried out to
examine the effect of rolling parameters on surface roughness. The experiments
cover the tests on the original sample surface roughness, hot steel rolling fewer
than five lubricating conditions and the effect of hot rolling temperatures on the
surface roughness. Under each group of tests, the effect of reduction and speed
on surface roughness has been investigated.
Hot rolled steel sample surface were evaluated with four roughness parameters,
which include Ra, Rq, Rsk and Rku. Surface roughness of the pickled hot rolled
steel sample surface was also studied. The hot rolled steel surfaces were analyzed
in detailed by AFM. The following results have been obtained.
5.5.1 Roll surface change
Surface roughness of the work roll increases quickly in the first 20 passes but the
rate of deterioration declines thereafter. Surface roughness after hot rolling may
be lower than that of the work roll surface.
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5.5.2 Preheated sample
The pre-heated surface before hot rolling has an isotropic feature no matter what
the original surface roughness is or whether grinding marks exist.

5.5.3 Isotropic feature of hot rolled sample surface
An examination of surface roughness was carried out on both the top and bottom
surfaces of the samples and at directions parallel and transverse to the rolling
direction. The close values of roughness at different positions on the same
sample confirm that it is reasonable to use the roughness value parallel to the
rolling direction as a representative of sample roughness.
5.5.4 Effect of original sample surface roughness
i)

Original sample surface roughness affects the hot rolled steel surface
roughness only at low reduction (< 36.5%). In this reduction region, the
hot rolled steel sample surface roughness decreases as the original sample
surface roughness decreases. The original surface roughness has almost no
influence on the pickled hot rolled steel sample surface Rsk and Rku.

ii)

Rolling speed does not have a marked effect on the final surface roughness
even though there is a lot of variation in the original surface roughness

5.5.5 Effect of lubrication
Hot rolling at five lubricating conditions proves that its affect on surface
roughness is significant at a low reduction area. In a heavy reduction region
(>31%), the effect of lubrication becomes rather complicated. It seems that
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adding oil makes for a better surface.
5.5.6 Effect of temperature
i)

Temperature plays an important role on the surface roughness. The lower
the rolling temperature the smaller is its surface roughness.

ii)

A 2-dimensional power spectrum density analysis was carried out on a
group of samples experienced heavy reduction that was 41.5-44.0% and at
a rolling speed of ~0.12m/s. The results indicate that higher spectrum
density is associated with high temperature where the sample surface is
dominated by a single wavelength. As the rolling temperature decreases
the spectrum power decreases with a comparable small primary
wavelength, and with some secondary ones.

iii)

A simple regression of surface roughness as a function of rolling
temperature and reduction under oil lubrication is as follows:

R(ε , T ) = 4.84 − 0.13ε + 0.0016ε 2 − 5.36 exp(−T / 1000)
With ε is the percentage reduction and T the deformation temperature in
K.
5.5.7 Effect of reduction and rolling speed
i)

When the reduction increases at all rolling conditions, the hot rolled
sample surface skewness decreases slightly while kurtosis increases.
The situation is significant at a large reduction region.

ii)

Very limited effect of rolling speed on hot rolled steel sample surface
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roughness was found when increases speed from 0.09-0.72m/s.
5.5.8 Topography of hot rolled steel surface
Hot rolled steel sample surfaces are characterized by ploughs parallel to the
rolling direction which resulted from contact between the surface and the work
roll. Cracks were also found on surfaces under each lubricating condition.
5.5.9 Further work suggested
In order to obtain a better understanding of the interactive behavior between the
work roll and the hot steel work-piece, it is suggested that experiments be carried
out with different roll surface roughness to simulate the surface deterioration in a
hot strip mill. Both the scale surface profile and the substrate should be
examined.
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Chapter 6 Deformation behavior of oxide scale
during hot rolling

6.1 Introduction
Oxide scale on the hot steel surface plays an important role on tribological
behavior in the roll bite during rolling. As indicated in Chapters 1 and 2, a great
deal of effort has been made to understand the behavior of oxide scale during hot
deformation of steel [2, 10-12, 15, 17-18, 30, 66, 74, 105, 107-109]. Various
investigative techniques, such as hot forging, tension testing, hot rolling and
computer simulation were carried out on the oxide scale layers that were from
10μm to a few millimeters. However, almost all these endeavors focused on the
primary scale layers that originated from the reheating furnace or straight after
the steel was reheated.
The experimental analysis in this chapter aims to characterize the deformation of
oxide scales during hot rolling. It is expected that in the present study a better
control of the experimental process can be achieved in two ways. Firstly, holding
at 1200oC for 5mins is enough to dissolve the elements such as carbon, silicon,
and manganese into matrix. By doing this all the samples would have almost the
same thermal history [43] in the furnace and, hence, the closest possible
microstructure and initial scale thickness after exiting the furnace. It is known
that the mechanical properties between the oxide scale and the substrate steel
materials differ greatly in hot rolling [1, 9, 29, 158]. The strength of steel at high
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temperature is determined by its chemical composition and microstructure, with
the latter dependent on its thermal history which in turn affects the dissolution of
its chemical elements. As a result, the thermal history, which includes heating in
the furnace and cooling during deformation, is an important factor when
evaluating deformation of the oxide scales. Secondly, the oxide scale thickness of
two samples was examined in two different areas. One was the surface area after
the primary scale was removed. This area covers most of the steel sample and in
the present study is called the “secondary oxide scale,” even though it may be
different from that on a hot strip mill. The other was the area still covered with
primary scale that was produced in the furnace during heating, as shown in
Figure 3.8.
The hot steel rolling experiments were described in detail in Chapter 3. A cross
section of each test sample with oxide scale layers was examined along the
rolling direction, as shown in Figure 6.1. SEM and AFM were used to evaluate
the deformation of the secondary oxide scales. Meanwhile, samples were rolled
half way into the roll bite, cooled with liquid nitrogen, and then the oxide scale
was examined.
As a result, primary and secondary oxide scale thickness was analyzed as
functions of rolling reduction, speed, temperature, and lubrication, to understand
how the oxide scale would behave. Moreover, the surface roughness, which
includes the as-rolled surface and the one after pickling, is correlated to the
secondary scale thickness.
The secondary oxide scale has been found deformed more than the primary scale,
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which in turn was deformed more than the substrate. Crack development in
secondary scales is also dependent on the lubricating conditions.

Figure 6.1 Sampling position on the hot rolled steel strip

6.2 The initial oxide scale before rolling
The primary and secondary scale thicknesses were first measured on the same
samples from which the initial roughness values were obtained for the four
temperature groups, as mentioned in section 5.3.1.1. Figure 6.2 and Table 6.1
illustrate the primary and secondary oxide scales before hot rolling. All samples
were heated in the furnace to a temperature of 1200oC and for the same period of
soaking time. The only difference between samples was the periods in which
they waited in air to reach the start cooling temperature. This delay in which the
samples were to be cooled in the box of inert gas was responsible for the
difference in thickness. It can be seen from Table 6.1 that the oxide scale is
thicker at a lower temperature than at a higher temperature. Because the scales on
the surface of the preheated samples were very fragile and voids and
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Figure 6.2 Initial oxide scales. (a)-(d) started cooling in nitrogen atmosphere at 1025, 950, 900 and 850 oC respectively. “0” refers to
Primary and “1” refers to secondary.
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Table 6.1 Average thickness of initial oxide scales at four temperatures
Temperature oC
Primary, μm

Secondary, μm

1025

950

900

850

331.3-397.2

330.5-401.9

350.1-400.0

349.8-512.4

/357.5

/361.1

/379.8

/388.0

41.5-76.7

41.3-77.9

50.0-73.3

50.1-79.9

/56.9

/61.3

/64.1

/64.6

pores were found in the layers, a coat of epoxy resin was placed onto the
preheated test samples before cutting so that scales and substrates may be
separated by resin (See Figures 6.2 a0-d0 ).
When the undeformed primary scale was cooled to room temperature, they were
found easily break off the substrate, as shown in Figures 6.2 (a0)-(d0). In the case
of secondary scales it seems that the longer the samples were held in the air, the
coarser the pores in the primary scale layers. When the sample began cooling at
1025oC, at which there was about 5-10s delay, the pores were very small and
concentrated close the middle line of the scale layer. When the holding time in
air increased to 20, 35, and 55s the pores in the scale layer became larger. With
the secondary scale, the integrity of the oxide layer became worse when the
waiting was longer. In both cases the interfaces between the scales and the
substrates were roughened.
The repeated tests prove that the thickness of both primary and secondary oxide
scales may vary from sample to sample but the difference between the average
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scale thicknesses at each temperature is insignificant.
As for the constitution of oxide scale layers, it is well accepted that three layers
of oxides characterize the scale on the surface when heated above 570oC [36-40].
An XRD analysis shows there are three components in the secondary layer,
hematite, magnetite and wustite. Magnetite shows itself strongly at 2θ degrees of
30.1, 35.5, 57.1 and 62.6o. However, hematite reveals itself at 33.1, 35.7 49.5 and
54.2o even though it is shadowed by magnetite (Figure 6.3).
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Figure 6.3 XRD analysis of the secondary oxide scale.

It should be pointed out that it was difficult to control the schedule of the hot
rolling experiment to exactly the same operating conditions. The same was true
when controlling the initial scale thickness after reheating and before rolling.
Their values may vary slightly from those in Table 6.1 at the corresponding
temperature and from each other in a same experimental group. However, certain
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repeated experiments were made at some nominal experimental point to confirm
the results.

6.3 Effect of hot rolling parameters on oxide scale thickness

In this section the effect of hot rolling parameters on the thickness of oxide scale
of the experiment samples was studied. Firstly, the surface roughness of the
original sample was inspected. The effect of lubrication on changes to the
thickness of the scale was then analyzed to find out how different lubricants
affect the scale thickness. Two lubricating cases were studied in a wide nominal
temperature range from 850-1025oC to examine changes to the thickness of the
scale from changes in the rolling temperature. In each case a series of reductions
from 5.9-47.1% at a rolling speed of 0.12m/s, and a series of rolling speeds from
0.10-0.72m/s at a nominal reduction of 15% and 900oC were applied,
respectively.
6.3.1 Effect of original surface roughness on scale thickness †
A comparison of the effect from the original sample surface roughness on the hot
rolled scale thickness was made for the four sample groups which were used to
analyze the effect of original surface roughness on the profiles in the previous
chapter. The sample surfaces were the as-supplied, 0.075, 0.30, and 3.0μm whose
original surface roughness were as supplied hot rolled surface from 0.05-4μm,
and ground in the longitudinal and transverse directions, respectively. Scale
†

All experimental data in this section were from the second work roll campaign.
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thickness was measured along the direction of rolling. Specimens were taken
from the same distance from the entry point to measure the scale thickness to
make the data comparable. Figure 6.4 shows the primary and secondary scale
thickness for the group of four samples.
According to the roughness analysis in the previous chapter, the difference
between the average roughness values among the four sample groups is not
larger than 2μm at a specific reduction point (See Figure 5.5). Thus the original
surface roughness on the scale thickness can be neglected. Therefore, there
would not be much difference between the scale thickness on the hot rolled
samples, provided the initial values were close before rolling. The biggest
difference in thickness exists at low reduction for both the primary and secondary
scale cases, where it is 46μm for primary scales and 10μm for secondary scales.
In general, both primary and secondary scale thickness decreases as reduction
increases, but nevertheless, there is a slight difference in the way the primary and
secondary scale thickness changes. For samples with machined surfaces at
reduction smaller than 20%, the deformed primary scale on original Ra=3.0μm
sample is thicker than that with original Ra=0.075μm. But the secondary scale
behavior shows an opposite trend. At high reduction, both primary and secondary
scale thickness is close for all the original samples, except for the samples
originating from the hot rolled surface which have a 20-35% reduction range for
primary scale. For all the samples mentioned above, primary scale thickness is
from 151.8-277.3μm and 8.4-43.2μm for secondary scales. The ratio between the
primary and secondary scales varies from 6.5 to 19.4. This value is
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Figure 6.4 Oxide scale thickness on hot rolled steel samples originated from
different surface roughness at non-lubricating condition. Reduction from
8.63-46.61% at rolling speed 0.12m/s, 900oC: (a) primary scales; (b) secondary
scales

much larger than the initial scales before rolling. The micrographs in Figure 6.5
illustrate the deformed primary and secondary scales for all the original surfaces
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after hot rolling reduction from 35-40%. The thickness values of primary oxide
scale layers in (a0)-(d0) are 202, 195, 175 and 203μm, respectively. In the
secondary scale cases, the thicknesses are 19.3, 13.2, 20.5 and 16.5μm, resulting
in a primary to secondary scale ratio of 8.8-15. With the initial primary and
secondary oxide scale thickness before rolling given in Section 6.2, the scale
thickness reduction will be 46.6, 48.5, 53.7 and 46.4% respectively for primary
oxide scales and 69.9, 79.4, 68.0 and 74.3% respectively for secondary oxide
scales. These figures are much larger than the corresponding deformation levels of
the bulk materials illustrated in Figure 6.5, confirming the findings in the author’s
work 128] and is consistent with Refs. [2, 86]. In the meantime, reduction rates in
secondary scale case are larger than those in the primary scale. From Figures
6.4-6.5, it is not clear if there is any intrinsic connection between the original
surface roughness and the oxide scale thickness after hot rolling deformation.
6.3.2 Effect of lubrication on the deformed oxide scale thickness †
The experiments were the same as those in Chapter 5 where the effect of
lubrication on hot rolled sample surface roughness was investigated. The
lubrications modes were (i) dry rolling without lubrication and by using lubricants
of (ii) water, (iii) 1:200 oil/water emulsion, (iv) 1:100 oil/water emulsion and (v)
oil. The original surface finish of the steel samples was 0.30μm. For dry rolling

†

All experimental data in this section were from the second work roll campaign except for the

oil-lubricated case. Data in the un-lubricated group contains the test results of samples originated from
two groups of surface roughness that were 0.07μm and 0.30μm respectively before reheating.
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Figure 6.5 Deformed scales with different sample surface roughness: un-lubricated at 0.12m/s, 900oC; original sample surface
roughness: (a) as-supplied 1.2-2.0, (b) 3.00, (c) 0.30 and (d) 0.075μm; “0” and “1” refer to primary and secondary respectively.
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conditions the results of the original roughness of 0.075μm were also involved in
the discussion. The effects of lubrication on the reduction in scale thickness in
rolling were discussed as a function of reduction and speed respectively.
(1) Effect of lubrication on oxide scale thickness
Figure 6.6 illustrates the effect of lubrication on oxide scale thickness at
reductions 8.63-47.10% at a rolling speed of 0.12m/s. The entry temperature was
900oC. In each lubricating condition the primary oxide scale thickness decreases
with reduction, as shown in Figure 6.6 (a). In the meantime, the rate at which the
scale thickness is reduced is close for all the lubricating conditions considered,
leaving the water lubricant as a special case where the scale thickness decreases
at a much slower rate than the rest, when reduction increases. The scale
thicknesses are from 250.5-317.9μm at a lower bulk material reduction about
7.5% to 151.8-186.8μm at a higher reduction of 45%. Consequently, the
reduction rates for scale thickness is 16.1-33.9% when bulk material was
deformed at 8.6-9.3%, and 50.7-59.9% at 45.3-46.6%, respectively.
With secondary oxide scale, the thickness of the scale layers reduces when the
bulk material deformation increases. However, the secondary scale thickness
changes in different ways to the primary scales depending on the lubrication
conditions in the present study. As shown in Figure 6.6 (b), the secondary oxide
scale thickness decreases at almost the same rate as bulk material reduction
increases in the cases of none lubricated and water lubricated conditions. When
oil/water emulsions and oil are applied as lubricants the secondary scale
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Figure 6.6 Effect of lubrication on oxide scale thickness after hot rolling at
different reductions. Rolling speeds=0.12m/s rolling temperature=900oC: (a)
primary scales and (b) secondary scales.

thickness reduces at slower rates as the reduction in bulk material increases.
According to the present study the 1:100 oil/water emulsions and oil lubrication
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produce the smallest reduction rate of scale thickness, followed by the 1:200
emulsion cases. The secondary scale thickness ranges from 36.9-50.3μm at a bulk
reduction of 7.5% to 8.4-25.3μm with a reduction of 45%, leading scale layer
thickness reductions at 21.5-42.4% and 60.6-86.9% respectively. These results
again prove that the thickness of oxide scale layers on top of hot steel reduces
more than their substrate and that secondary scale deforms more than the primary
one.
Optical micrographs in Figure 6.7-6.8 and Figure 6.5 (d0)-(d1) demonstrate oxide
scale thickness changes in two special cases. Figure 6.5 (d0)-(d1) and Figure 6.7
illustrate primary and secondary oxide scales after the bulk material has been
deformed at 35% at non lubricated, and using water, 1:200 oil/water emulsion,
1:100 oil/water emulsion and oil as lubricants respectively. Figure 6.8 and Figure
6.7 (b0)-(b1) show the primary and secondary oxide scales when the bulk material
was deformed at reductions from 7.5-45% at 1:200 oil/water mixture. In each
case, the reduction in bulk material was depicted in the corresponding figure.
Tables 6.2-6.3 show the result of thickness change ratios correspondingly to in
Figure 6.7-6.8 and Figure 6.5 (d0)-(d1).
Data in Tables 6.2-6.3 demonstrate the fact that the thickness change ratio of oxide
scale layers due to hot rolling deformation of steel is larger than its substrate for
any lubricating condition, or any reduction. It can also be found that the thickness
of secondary oxide scale layers, which is much thinner than the primary scale, is
more easily reduced than the primary scales.
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Figure 6.7 Deformed scales at various lubricating conditions. Rolling speed=0.10 m/s at 900oC; lubricants: (a) water, (b) 0.5/100
oil/water, (c) 1:100 oil/water and (d) oil; “0” and “1” refer to primary and secondary respectively.
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Figure 6.8 Deformed scales at various bulk material reductions with 1:200 oil/water emulsion mixture lubrication. Rolling
speed=0.12m/s at 900oC; reductions: (a) 9.6%, (b) 18.9%, (c) 27.8% and (d) 45.3%; number “1” and “2” at the legend end of “ow1-”
refer to primary and secondary respectively
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Table 6.2 Scale layer thickness change at different lubrication *
Lubricant
Bulk material
reduction, %
Primary scale
reduction, %
Secondary scale
reduction, %

Dry

Water

1:200
oil/water

1:100
oil/water

Oil

36.5

36.8

37.7

38.5

34.5

46.4

44.6

39.8

39.1

39.3

74.3

79.0

57.6

55.9

55.7

* Rolling speed=0.12m/s, sample entry temperature=900oC

Table 6.3 Scale layer thickness change at different reductions *
Lubricant

1:200 oil/water

Bulk material reduction, %

9.6

18.9

27.8

37.7

45.3

Primary scale reduction, %

16.1

22.6

32.9

39.8

50.7

Secondary scale reduction, %

42.4

51.6

53.9

57.6

70.7

* Rolling speed=0.12m/s, sample entry temperature=900oC

(2) Effect on lubrication on oxide scale thickness at various rolling speeds
Figure 6.9 illustrates both primary and secondary oxide scale thickness changes
with rolling speed at four lubricating conditions, which were not lubricated,
lubricating with water, 1:100 oil/water mixture and pure oil respectively. Rolling
speeds were 0.10-0.72m/s and sample entry temperatures controlled at 900oC, and
reduction 15%.
With primary scale the effect of rolling speed on scale thickness is insignificant
for non lubricated, water, and oil/water emulsion lubrication. With pure oil as a
lubricant, the primary scale thickness increases slightly with roll speed. The
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Figure 6.9 Effect of lubrication on oxide scale thickness after hot rolling at
different rolling speed. Reduction=15%, rolling temperature=900oC: (a) primary
scales and (b) secondary scales.

thickness of secondary scale decreases gently with roll speed indicating that the
effect of speed on scale thickness is quite small. The experimental points of I’
and II’ in Figure 6.9 are the same as I and II in Figure 6.6, where the rolling
speeds were controlled. Figure 6.6 proves the effect of lubrication on oxide scale
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thickness at speed of 0.11m/s when reduction was in the range 7.5-45%.
Therefore it can be concluded that the effect of speed on oxide scale thickness for
all lubricating conditions is insignificant.
Figure 6.10 displays primary and secondary oxide scale thickness for water
lubricating condition when rolling speed increases from 0.10 to 0.71m/s. The
nominal reduction and temperature are 15% and 900oC, respectively. The values
of primary oxide scale thickness are 235.8, 193.9, 214.9 and 217.3 μm whilst the
values of the secondary scale are 31.0, 29.1, 26.4 and 18.3μm. Table 6.4
summarizes the reductions in scale thickness of both primary and secondary
oxide scales, along with the bulk material. These figures also show that the
thickness of secondary scales reduces more than the primary scales, which in turn
reduces more than the bulk material.
Table 6.4 Scale layer thickness change at different rolling speed
Lubricant

Water

Rolling speed, m/s

0.1

0.2

0.5

0.7

Bulk material reduction, %

18.6

17.6

18.1

18.6

Primary scale reduction, %

37.8

48.8

43.3

42.7

Secondary scale reduction, %

51.6

54.6

58.8

71.4

* Sample entry temperature=900oC

6.3.3 Effect of temperature on the deformed oxide scale thickness for both
un-lubricated and oil-lubricating conditions †
The effects of sample entry temperature on the deformed oxide scale thickness
†

This section was partly published in the author’s work in [26] and [29]. The experimental data in this

section were from the first work roll campaign and part of the second work roll campaign.
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Figure 6.10 Deformed scales at various rolling speeds at water lubrication. Reduction=15% at 900oC; rolling speeds: (a) 0.10, (b)
0.22, (c) 0.46 and (d) 0.71m/s; “0” and “1” refer to primary and secondary respectively
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were examined at different reductions and roll speeds. Figures 6.11 and 6.13
illustrate the deformed primary and secondary scale thickness as functions of entry
temperature when hot rolling experiments were carried out at various reductions
and speeds.
In Figure 6.11, the dependence of the deformed oxide scale thickness on entry
temperature for rolling without lubrication is quite different to that with oil
lubricating. Where there is no lubrication both values of primary and secondary
oxide scale thickness decrease as temperature decreases (Figure 6.11 (a) and (c)).
But the influence of temperature is reduction dependent. When a small reduction
was applied the thickness of primary and secondary scales decreases more sharply
than that at a heavier reduction. The larger the reduction the smaller the influence
of temperature will be. At a heavy reduction of 25%, larger for primary scale, and
35% for secondary scale, it seems the entry temperature has an insignificant effect
on scale thickness. Generally, scale thickness reduces as reduction increases. But
at a low temperature, say 850oC, the effect of reduction on scale thickness becomes
unexpected. Such cases were also found in the author’s work [159-160] and
Shirizly and Lenard’s [39, 103], where in the latter case the entry temperature was
lower than 850oC and the amplitudes of the deformed scale thickness were
100-125μm and 150-200μm, respectively. This is mostly associated with the
deformation characteristics of oxide scale in the roll bite that will be discussed
later in the chapter. When oil lubrication was introduced into hot rolling the scale
thickness will increase as the entry temperature decreases, for both primary and
secondary oxide scales at certain reductions, as shown in Figure 6.11 (b) and (d).
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However, variation in the behavior of secondary scale thickness with temperature
is different from the primary scale. With the primary scale, the influence of entry
temperature on scale thickness change is more significant at reductions lower
than 25%, as shown in Figure 6.11 (b). In the secondary scale case, the entry
temperature has a more significant influence on scale thickness for reductions
greater than 35%. In both primary and secondary cases, thickness of oxide scale
decreases with reduction.
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Figure 6.11 Hot rolled oxide scale thickness at different reductions and
temperatures. Rolling speeds=0.12m/s: (a) and (b) primary scales, (c) and (d)
secondary scales
Optical micrographs in Figure 6.12 display both the deformed primary and
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secondary oxide scales of two entry temperatures and two lubricating conditions
in the 35% reduction group. The corresponding parameters for the bulk materials
and scale physical properties are summarized in Table 6.5. Values of scale
thickness reduction ratio indicate that secondary scales were deformed more than
the primary scales while in most cases the latter were deformed more than their
substrates.
Table 6.5 Reductions of oxide scales at different temperatures*
Sample

(a)

Lubrication

(b)

(c)

dry

(d)
oil

Entry temperature, oC

1029

857

1011

856

Bulk material reduction, %

35.0

31.9

34.4

31.8

Primary scale reduction, %

31.6

37.5

35.1

33.7

Secondary scale reduction, %

63.1

57.2

62.4

51.1

*Rolling speed=0.12m/s

Variation in the scale thickness with sample entry temperatures at different
rolling speeds is similar to that at different reductions, as shown in Figure 6.13.
According to the fitted lines in Figure 6.13, the effect of rolling speeds on
variations in the primary scale thickness is more significant than on secondary
scales for both lubricating conditions. Scale thickness is sensitive to roll speed at
high entry temperature at dry rolling while it is affected by speed at lower entry
temperature for oil lubrication. Figure 6.14 displays oxide scale layer thickness
variation with entry temperature at different roll speeds and lubrication
conditions. The reductions of secondary scale layers in micrographs (a1)-(a4) are
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Figure 6.12 Deformed primary and secondary oxide scales at different sample entry temperatures and lubricating conditions:
“0” refers to primary and “1” refers to secondary; (a) 35.0% at 1025oC; (b) 31.9% at 850oC; (c) 34.4% at 1025oC; (d) 31.8% at 850oC;
(a) and (b) dry lubrication; (c) and (d) oil lubrication.
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64.1, 57.8, 49.1 and 38.6%, respectively, which are larger than those of primary
oxide scale layers. The reduction values in the later cases, 39.5, 47.4, 26.3 and
19.9%, respectively, are in turn larger than their bulk material reductions as
shown in Figure 6.14. The results still indicate that at different entry
temperatures, roll speed and lubricating conditions, secondary oxide scales
deform more than the primary scales which in turn has more reduction than the
bulk materials.
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Figure 6.13 Hot rolled oxide scale thickness at different rolling speeds and
temperatures. Reduction=15%: (a) and (b) primary scales, (c) and (d) secondary
scales.
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Figure 6.14 Deformed primary and secondary oxide scales at different sample entry temperatures and roll speeds: “0” refers to
primary and “1” refers to secondary; (a) 0.71m/s and 14.7% at 903oC; (b) 0.71m/s and 13.5% at 835oC; (c) 0.47m/s and 15.9% at
1021oC; (d) 0.47m/s and 14.6% at 857oC; (a) and (b) rolling without lubrication; (c) and (d) oil lubrication.
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6.4 Discussion
6.4.1 Difference of deformation behaviors between primary and secondary
oxide scales
It has long been expected that the oxide scale layers are deformable at high
temperature [14, 29]. According to the present study, the difference in deformation
between the primary and secondary oxide scales was found in two aspects, a
reduction of scale thickness, and morphologies of the deformed scale layers.
Firstly, as a result of the comparison between the reduction in thickness of primary
and secondary oxide scales, it is evident that in a same rolling pass the secondary
scale layers will be reduced more than primary scale layer which in turn will
reduce more than the substrate. But this does not mean that these scales are more
ductile than the steel substrates. The fact is that they both contain voids, as has
been demonstrated in Chapter 4 and Figure 6.2. It is likely that the voids tend to
shrink when high pressure is applied to the scales by the work roll. Nevertheless,
one should bear in mind that there is a significant difference in reduction in
thickness between the primary and secondary oxide scales even when they were
deformed under the same conditions.
Secondly, different patterns of grains and cracks were found in the primary and
secondary oxide scale under different lubricating conditions. The morphologies of
the deformed layers indicate that the patterns of the deformed primary scale are
quite different from the secondary layers. In almost all cases, the deformed
secondary grains are coarser than the primary oxide scales. Fine grains and small,
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dense cracks are distributed in the primary layers. Where there was no lubrication
and when water and 1:200 oil/water were used as lubricants, the primary scales
broke into small fragments when bulk materials were deformed at a nominal
reduction of 35% (Figure 6.5 a0-d0 and Figure 6.7 a0-b0) or even larger (Figure 6.8
d0). In fact, similar circumstance have already become very significant at the top
layer of primary oxide scale at bulk material reduction of 18.9% when 1:200
oil/water emulsion was used as lubricant (Figure 6.8 b0). However, when 1:100
oil/water emulsion and oil were used as lubricants, grains in oxide scales were
coarser than the rest even at heavy reductions of 34.5 - 38.5% (Figure 6.7 c0-d0).
For water lubrication at 17.6-18.6% reduction, small oxide fragments were found
at rolling speeds 0.11-0.72m/s (Figure 6.10 a0-d0).
It has been generally accepted that the mechanical properties of oxide scale
depend upon the temperature and thickness [1, 29]. In fact, large differences in
surface temperature were found between the primary and secondary scales. Figure
6.15 illustrates the surface temperature fields after de-scaling. From the image it
can be found that the average temperature of the primary scale (spot 6) is about
160oC lower than the target entry temperature, which is 1012oC in most parts of
the secondary scale area (spot 2). The large temperature gradient and the
difference in thickness, the primary scale being about 6 times thicker than the
secondary scale, accounts for the difference in behavior between the two kinds of
scale layers. The above discussion implies that the primary scales, being thicker
and colder than the secondary scales (Figure 3.8), are more brittle and less
deformable than the thinner and hot secondary scales, which is consistent with the
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findings of Blazevic [29] and Hidaka [66]. According to the present work, one can
suggest that attention should be paid to the different deformation behavior of the
primary and secondary oxide scales in hot rolling.

clamps for holding the sample

descaled

non-descaled

Figure 6.15 Sample surface temperature field after descaling. (Taken by an
infra-red camera by Thermoteknix Systems Ltd)

6.4.2 Crack development in secondary oxide scales
Cracks in the scale layers can take part in the formation of hot rolled steel surface
roughness [1-2]. It has been reported in [86, 103] that visible cracks can be found
on the primary surfaces after hot rolling. Similarly in the present study, visible
cracks up to 0.5mm wide were found in some cases of deformed primary
surfaces. Figure 6.16 is an example of a crack which is about 150-250μm wide in
a 168μm thick primary oxide scale that has undergone 47% bulk reduction at
920oC with 0.10m/s roll speed and 1:100 oil/water lubricating. In fact, the
observations of Figure 6.8 (a0)-(d0) and Figure 6.7 (b0) can explain the crack
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development in primary scale layers when reduction increases, where 0.5/100
oil/water emulsion was used as a lubricant. At 900oC with a nominal rolling
speed at 0.12m/s, long and thin cracks developed from the primary scale layer
top surface into the layer at a reduction of 9.6% (Figure 6.8 (a0)).

Figure 6.16 Crack on deformed primary scale surface: 47.1% bulk reduction
at 920oC, 0.10m/s with 1:100 oil/water lubricating.

When reduction is increased to 18.9%, cracks became coarse and their density
increased. At the bottom of the crack, a large number of voids were produced
(Figure 6.8 (b0)). As reduction reached 27.8%, the cracks coalesced and their
number is reduced (Figure 6.8 (c0)). When reduction is further increased to
37.7% (Figure 6.7 (b0)) and 45.3% (Figure 6.8 (d0)), the cracks increased in size
and the oxide scales were broken into small fragments. However, primary oxide
scales are not observed in the hot finishing mill. Hence, cracks in secondary
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oxide scales are to be discussed in detail.
Figure 6.17 illustrates an example of secondary oxide scale surface before hot
rolling. Fine, thin cracks can be found on the surface. This is expected to result
from cooling.

Figure 6.17 Thermal cracks on initial secondary scale surface: at 939oC.

The development and closure of cracks in oxide scales during hot rolling is
crucial to the tribology in the roll bite. It is hypothesized that thick scales which
have not been de-scaled will be broken by bending and by the entry of roll bite in
the roughing stands, as explained in [1] for a 3.2mm thick oxide scale. In the
finishing mill, thinner layers of tertiary scale will enter the roll bite and elongate
with the stock while growing in thickness. Beynon and Krzyzanowski simulated
the failure modes of 100μm oxide scale in the roll bite during hot rolling by
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validating with experiments [109]. They pointed out the importance of crack
closure in eliminating or reducing metal extrusion and improving surface
roughness. They further pointed out that scale thickness and stock temperature
are the two most important factors influencing the failure mode of oxide scale in
the roll bite [106].
In the present study, cracks may be generated and closed due to the shear force of
friction. Fresh metal extrusion was found to be another alternative to fill the
crack. Figures 6.18 and 6.19 illustrates how the oxide scale layers in the roll bite
transfer by stalled rolling at two temperatures and lubrication conditions. The
75-85μm secondary oxide scale † seemed to have very small cracks at entry. The
crack development and closure is thought to occur in three stages. When hot
rolling was carried out at a higher temperature and with lubrication (Figure 6.18),
the scale layers were pressed and deformed, resulting in an irregular layer of
scale due to elongation of the bulk material and the locally attributed mechanical
properties caused by the temperature gradient. It is assumed that the scale layer
would become thinner as it goes further into the roll bite. Through-thickness
cracks may occur where defect existed in the layer and hot metal would likely be
pushed through sharp cracks (Figure 6.18 c and d). At the exit of roll bite, cracks
were expected to be closed as the friction would push the scales backwards.
However, when there was no lubrication at a lower temperature, cracks began to
appear from the top surface of the scale after it entered the roll bite (Figure
6.19a).
†

Due to the delay in the stalled rolling operation, oxide scale may seem to be thicker than in Table 6.1.
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Closed crack

Through thickness crack

Non-uniform thickness

Through thickness crack

Figure 6.18 Oxide scale transfer in the roll bite when deformed 34.3% at 1011oC, oil-lubricated.
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Crack begin to start
Closed crack

Enlarged crack

Enlarged crack

Figure 6.19 Oxide scale transfer in the roll bite when deformed 33.0% at 856oC, dry-lubricated.
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they were enlarged due to the shear force caused by the faster roll surface speed
and the backwards slip of the bulk material (Figure 6.19 b and c). The hot steel
then tried to escape from the widening cracks, leaving a saw-toothed scale-metal
interface. At the exit of the roll bite the oxide scales were compressed, and
became narrower making the substrate move backwards as well. Wrinkles were
then produced by the material moving between the upper layer of the bulk
material and the center part, which is moving faster than the roll surface.
The above hypothesis is consistent with the experimental results in Figure 5.7
(d)-(e) and Figure 5.9 (a)-(b). It can be concluded that lubrication and reduction
are the key parameters affecting the development of cracks and surface
roughness, in addition to surface temperature, scale thickness, and strain rate, as
well as the length of the scale island and the width of the gaps in the crack
reported in [109]. It should be pointed out that the extruded metal does not
necessarily touch the cold work roll regardless of the reduction or rolling speed.
Figure 6.20 displays the under-cells of the extruded metal at various reductions
and speeds under two lubricating conditions. These confirm that the top surface
of extruded hot metal looks like a tongue and is below the deformed secondary
scale surface at various reductions and rolling speeds.

6.4.3 Characteristics of deformation behavior of secondary oxide scales
Many researchers considered whether the oxide scale is ductile or brittle
depending on its thickness and temperature [1, 9, 29, 158]. The primary and
secondary oxide scales feature different deformation properties even though they
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Rolling direction

Rolling direction

Rolling direction
Rolling direction

Figure 6.20 Extruded metal cells beneath the scale cracks: (a) and (b) 1:100
oil/water lubricating; (c) and (d) oil lubricated; (a) 15.6% reduction at 912oC,
0.46m/s; (b) 15.2%reduction at 908oC, 0.71m/s; (c) 28.4% reduction at 915oC,
0.10m/s; (d) 38.5% reduction at 911oC, 0.095m/s.

are similarly constituted with three components. SEM and AFM scanning on the
deformed scale surface prove that secondary oxide scales, with thickness
41-80μm, exhibited both ductile and brittle features during hot rolling. But the
pattern of deformation is dependent on the rolling conditions, especially the
lubrication.

Fragile cracks and scraps in Figure 6.20 demonstrate the brittleness of the
secondary scales. When the scale was stressed beyond its limitation, it was
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crushed into fragments (Figure 6.20 (b)). Figure 6.21 (a) is another example
showing the fragile surface ruptured after the scale experienced 18.5% reduction
at 913oC, roll speed of 0.11m/s with 1:100 oil/water emulsion lubrication. Figure
6.21 (b) displays another pattern of oxide scale deformation. This scale layer was
deformed with its substrate at 44.0% reduction at 942oC. The roll speed was
0.11m/s with oil lubrication. Smooth wrinkles characterize the free surface of the
scale which is not a re-oxidized surface. The wrinkles demonstrate its ductile
deformation history.

Rolling direction

Rolling direction

Figure 6.21 Deformation behavior of oxide scale: (a) 18.5% reduction at
913oC, roll speed=0.11m/s at 1:100 oil/water emulsion lubrication; (b) 44.0%
reduction at 942oC, roll speed=0.11m/s at oil-lubrication.

Figures 6.22-6.26 depict the crack situations under various rolling parameters. In
Figure 6.22, when reduction increases from 15.1% to 44.0% (Figure 6.22 (a)-(d))
or speed increases from 0.11m/s to 0.71m/s (Figure6.22 (e)-(h)) at oil lubrication,
the surface cracks intensify and widen, indicating that the elongation of
secondary oxide scale is less than the substrate. However, the crack density and
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Rolling direction

Rolling direction

Rolling direction

Rolling direction

Rolling direction

Rolling direction

Rolling direction

Rolling direction

Figure 6.22 Cracks in deformed secondary oxide scale with oil-lubrication. †
(a)-(d): nominal reduction=15, 25, 35 and 45% respectively at 900oC and roll speeds from 0.11m/s
(e)-(h): various roll speeds=0.11, 0.23, 0.46 and 0.71m/s respectively at 900oC and reduction of 15%.
†

Figure 6.22 (e) is the same as Figure 6.22 (a).
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its width does not necessarily increase as reduction increases. Certain lubrication
methods may change the deformation properties of the oxide scale. Figure 6.23
displays crack distributions among five lubrication conditions where the
reductions and entry temperature are very close. In these figures localized
fragments characterize the deformed oxide scale surface which is consistent with
Figures 6.18 and 6.19, leaving large area still covered with unbroken scales.
The following crack index is introduced here as an assessment the extent to which
oxide scale would expand along with the substrate metal:
γ = ln(

l x0 l y0
n

∑ A ( x, y )dxdy
i =1

(6.1)

)

i

where γ the crack index, l x and l y are the integrated width and depth, A the
0

0

crack area. The larger the γ value, the more expansion the scale will be. Values
for γ in Figure 6.23 are 3.07, 3.14, 3.90, 5.00 and 3.06, respectively, indicating
that scale at 1:100 oil/water lubricating condition exhibits the best surface
expansion. Due to the difficulty in choosing the right spot to represent the scale
surface, these figures roughly reflect the scale deformation behavior. A further
comparison of crack index to evaluate the effect of lubrication at various
reductions was made with 1:200, 1:100 oil/water and 100% oil lubricating
conditions, where the cracks are displayed in Figure 6.24 (a)-(h) and 6.22 (a)-(d).
Figure 6.25 summarizes the calculation results that reveal two aspects of interests.
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Rolling direction

Rolling direction

Rolling direction

Rolling direction

Rolling direction

Figure 6.23 Crack distribution at different lubrication conditions: (a) dry, (b)
water, (c) 1:200 oil/water, (d) 1:100 oil/water and (e) oil. Reductions=34.5-38.5%,
entry temperature=910-921oC and roll speed=0.095-0.11m/s.

The first is that the crack index increases as reduction increases for oil/water
emulsion lubrications, contrary to the pure oil lubrication case (Figure 6.22 (a)-
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Rolling direction

Rolling direction

Rolling direction

Rolling direction

Rolling direction

Rolling direction

Rolling direction

Rolling direction

Figure 6.24 Effect of reduction on crack distribution at two oil/water lubricating conditions. (a)-(d): reductions=18.8, 27.8, 37.7
and 45.3% respectively at 1:200 oil/water lubricating; (e)-(h): reductions=18.5, 28.4, 38.5 and 47.1% respectively at 1:100 oil/water
lubricating. Sample entry temperature=900oC roll speed=0.12m/s.
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Figure 6.25 Crack index as function of reduction at three lubrication
conditions: temperature=900oC, speed=0.12m/s.

(d)). The second is that the 1:100 oil/water emulsion lubrication demonstrates its
largest crack index value among the three lubricating conditions where reduction
is greater than 25%. The result implies that this lubrication mixture improves
extension better than the 1:200 oil/water mixtures.
The result for 100% oil is interesting and opposite the above emulsions. The fact
is that pure oil exhibits higher viscosity that generates higher pressure than
emulsions in the roll bite in hot rolling of steel. Due to the existence of
micro-cracks generated by high pressure on oxide scale surface, oil mist will be
pushed into the cracks and enlarge the crack area. The differences among the
hydrodynamic properties of pure oil and the emulsions (viscosity) are thought to
be responsible for the phenomenon in Figure 6.25. However, there is no
publication quantitatively dealing with micro-cracks for secondary oxide scale
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surface subjected to hydrodynamic pressure. Thus, it is not clear at this stage as
to the reason, and it should be a subject for further study.
As discussed in section 5.4.2, Lenard [103] concluded by optical analysis that a
better surface appearance was obtained with 1:1000 oil/water emulsion
lubrication than 1:500 oil/water emulsion mixture, water, oil, and without
lubrication. The fact is that the result obtained in the present study is on surfaces
with secondary oxide scales of 41-80μm before rolling. The initial thickness in
Lenard’s study was 320-400μm before rolling. The difference in thickness
between the two studies may the responsible for the results in the two studies.
The foregoing analysis has proved that the secondary scale is ductile and brittle.
However, evidence of wear on the top of the secondary scale was observed in
many cases, as it may have shown in Figures 6.22-6.24. In fact, the 3D AFM

Rolling direction

Rolling direction

Figure 6.26 Worn secondary oxide scale surface after heavy reduction.
(a) 45.3% reduction at 931oC with 1:200 oil/water lubrication; (b) 47.1% at
910oC with 1:100 oil/water lubrication; roll speeds 0.095 and 0.10m/s
respectively.
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images in Figures 5.14 and 5.16 have already demonstrated such circumstances.
Figure 6.26 shows two cases of worn secondary oxide scale surfaces after heavy
reduction at 910-931oC. The three oxides - wustite, magnetite and hematite - in
the scale layer are characterized with fairly soft mechanical properties at 900oC,
at which their Vicker’s hardness values are 105, 366 and 516HV, respectively
[110]. It is assumed that the hardest layer, hematite, is very thin and may act as
an abrasive particle. The cold and hard roll surface asperity and the hematite
moves with the scale surface, ploughing grooves onto the surfaces.

6.4.4 Deformed oxide scale thickness and surface roughness
As discussed in Section 6.3, scale thickness is a function of rolling temperature,
rolling speed and reduction per pass. A correlation of surface roughness to
deformed secondary scale thickness is expected to mirror the relationship
between the surface roughness and rolling parameters. Figure 6.27 displays
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Figure 6.27 Sample pickled surface roughness vs scale thickness
(a) dry lubrication; (b) oil lubricating.
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pickled surface roughness as function of scale thickness for both with and
without lubrication. In both lubricating conditions, the correlation between the
pickled sample surface roughness and secondary oxide scale thickness is
insignificant. The pickled surface roughness is from 2.5-4.0μm and 2.0-4.0μm
for oil lubrication and dry-lubrication respectively. It indicates that lubrication
affects the deformation of secondary oxide scale that influences its substrate
material, which is consistent with the results in Figure 6.18-6.19.

6.4 Conclusion
In this chapter, the relationship between scale thickness and rolling parameters
was investigated.
6.5.1 Morphologies of the both primary and secondary oxide scales are porous.
The thickness of the scale layers is, in average, 357-388μm for primary and
57-65μm for secondary oxide scales respectively.
6.5.2 X-ray diffraction results confirm that the preheated secondary oxide scale is
composed of FeO, Fe3O4 and Fe2O3.
6.5.3 In general, both primary and secondary oxide scale thickness decrease as
reduction decreases for all samples originated from various surface roughness.
Lubrication plays an important role in reducing scale thickness, especially
secondary oxide scales.
6.5.4 It has been observed that a critical value of reduction exists between
22.5-27.5% where the effect of reduction on secondary oxide scale transitions at
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1:200 and 1:100 oil/water mixture and oil lubrications. Scale thickness reduces
significantly below this critical reduction value while the effect of reduction
becomes rather limited above a critical reduction value.
6.5.5 Temperature is an important parameter that affects the scale thickness
change as reduction or rolling speeds changes. Also, lubrication is also important
in monitoring the effect of rolling temperature. With dry lubrication, the higher
the entry temperature the thicker the deformed oxide scale, implying a weaker
reduction in scale thickness at a higher temperature. However, the effect of entry
temperature changes to the opposite side with oil lubrication.
6.5.6 According to the present study, roll speed has very weak influence on scale
thickness at various lubricating conditions. However, at certain roll speeds the
effect of temperature on scale thickness change varies depending on the
lubricating conditions and oxide scales. Entry temperature has little effect at all
speeds when oil is applied.
6.5.7 A significant difference in deformation was observed between the primary
and secondary scales. Primary scales, which are thick and cold, reveal smaller
grain sizes and fine cracks across thickness depending upon reduction and
lubrication. On the same sample, the secondary oxide scales are deformed more
than the corresponding primary scales on a same sample under all rolling
conditions, and in turn the primary scale is reduced more than their steel
substrates. The thickness ratio for primary vs secondary oxide scales before
rolling is from 5.9-6.3. This value becomes 6.6-15.3 after hot rolling
deformation.
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6.5.8 It is hypothesized that cracks develop on secondary oxide scales in three
stages. Firstly the scale thickness would reduce due to deformation and in the
weak areas cracks start on top of the scale up surface. Secondly, frictional shear
force enlarges the cracks. At the third stage, cracks may be filled by substrate
metal extrusion or enclosure driven by friction.
6.5.9 Cracks were found to develop locally at high reduction in the secondary
scale layers. Extruding fresh top surfaces were found below the initially
secondary scale surface after hot rolling.
6.5.10 A scale index γ was newly introduced in evaluating the ability of
secondary scale to expand with the metal during deformation. The larger γ is,
the more the scales deform. It has been observed that secondary oxide scale is a
little ductile. Lubrication may change the deformation of the secondary oxide
scales. In this study, 1:100 oil/water emulsion displays the largest γ at most
cases and hence the best effect in improving scale layer deformation.
6.5.11 Correlation between the sample pickling surface roughness and oxide
scale thickness is insignificant.
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Chapter 7 Friction in the roll bite under various
hot rolling conditions

7.1 Introduction
Friction in the roll bite during rolling has always been a topic of interest. As
reported in [161-162], friction significantly affects the rolling load, roll wear, and
strip shape. The friction requirements and control of the roll speed control are
important during threading and rolling. In fact, the processing parameters such as
reductions, rolling speeds, rolling temperature, surface roughness and scaling,
affect the interfacial conditions in the roll bite and hence the coefficient of
friction [20]. Therefore, many studies on the effects of rolling parameters on
friction have been carried out in the past two decades [9-10, 29-31, 69, 71, 74,
86, 103, 158]. Almost all studies employed the primary scales that resulted from
reheating in the furnace, even though the scale thickness was investigated in
some cases [14, 71, 86, 103, 158]. What is more the studies on the rolling
parameters were often focused on individual parameters. In this chapter, as many
hot rolling parameters was analyzed to make a comprehensive understanding of
their effect on friction.
The objective of this chapter is to study how these parameters affect friction and
mill loads. The study was carried out in two new areas. One is that all the
investigation on friction focuses on the so called ‘secondary oxide scale’ surface,
which has been explained in Chapter 3. The second is that as many rolling
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parameters, such as reduction, roll speed, rolling temperature and the oxide scale
thickness, are taken into account to make an integrated analysis on friction. The
original surface roughness of the test material was also taken into account when
analyzing the dependence of the coefficient of friction on hot rolling. In order to
accomplish this assessment a flow stress model for the present tested steel
material was set up by regressing of the hot tensile test results from the
GLEEBLE-3500 Thermal Mechanical Simulation Machine.

7.2 Inverse calculation for friction coefficient and flow stress model
A numerical model by Alexander was used to determine the coefficient of
friction by an inverse calculation where the calculated rolling force was matched
till it had less than 1% error with the measured one, by varying the value of the
coefficient of friction. This program was developed on the basis of Orowan’s
rolling model. The features and theory adapted in this model were detailed in
[163].
According to [20], the yield stress of steel can be described as
σ = σ p 0 ⋅ e − aT ⋅ k1ε m ⋅ k 2ε m
1

2

(7.1)

where σ is the yield stress, σ p0 the base yield stress, ε and ε the strain and
strain rate (s-1), respectively, T temperature in K and a , k1 , k2 , m1 and

m2 are constants. In Alexander’s program, the flow stress is modified in the
following form [163]:
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σ = σ 0 e − aT (1 + Bε ) n × (1 + Dε) n
1

2

(7.2)

where σ0 a , B, D, n1 and n2 are constants.
Assuming B = D = 1000 >>1, equation (7.2) still complies with equation (7.1).
Sufficiently, the constants σ0, a , n1 and n2 in equation (7.2) are easily
determined by multiple-regression.
In order to determine the flow stress model adapted by Alexander’s program, hot
tensile tests were carried out on the GLEEBLE 3500 Thermal-mechanical
Simulation System. Because the hot rolling experiments were carried out in a
temperature range from 820-1060oC at strain rate 0.77-10.4s-1, the temperatures
of the hot tension tests were in the range 800-1100oC, and strain rates were in the
range 0.5-12s-1. The tensile strain was limited to ~0.65. The tensile test sample
was in the same shape as that in Figure 3.5 and the composition of steel is the
same as in Table 3.2. Before the tensile testing, the sample was heated to 1200oC
for 120s and held for 5mins. A cooling rate of 10oC/s was applied for 60 seconds
to make the sample reach the specific tensile temperature. The tensile operation
was then carried out to accomplish the specified strain. Figure 7.1 (a) shows an
example of one tensile testing thermal cycle and Figure (b) displays three
strain-stress curves of the hot tensile tests at two strain rates and three
temperatures. Each tensile cycle was performed in vacuum under 1.0×10-2 torr
pressure.
The regression result of the hot tensile tests generated:
σ = 158.44 × exp( −0.002352T ) × (1 + 1000ε ) 0.3695 × (1 + 1000ε ) 0.1097

(7.3)
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where T , ε and ε are the same as those in equations (7.1) and (7.2). tratio for
the constants σ0, a , n1 and n2 are 68.33, 214.59, 267.32 and 106.19
,respectively. The regression coefficient value R =0.99 while F ratio was 44237.1
which is much larger than the required F3,1432 † =123.5 [151].
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Figure 7.1 Tensile test thermal cycle and results for two tension strain rates
at three temperatures. (a) thermal cycle at 10s-1 at 950oC, (b) strain-stress
curves.

†

“3” is the number of independents “1432”is the difference between total experiment points and number

of independents.
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Figure 7.2 illustrates the comparison between the present flow stress model and
Shida’s in two cases, where the latter was quoted in [20]. According to the
chemical analysis of the present testing material, Ceq =0.34 when calculating
yield stress with Shida’s equation in Figure (7.2). The result in Figure 7.2
demonstrates that the present model is consistent with Shida’s model. The range
of application for equation 7.3 is limited to T=800-1100oC, ε = 0.5 − 10s −1 ,
ε<0.65 and Ceq =0.34 for a mild steel.
In equation (7.3), the item σ 0 e − aT had to be pre-calculated as an input data as
well as n1 and n2 in equation 7.2 for each calculation
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Figure7.2 Comparison of the present strain-stress curve with Shida’s model.
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7.3 Friction coefficient and mill loads at various rolling conditions
In this section the inverse calculation results for the coefficient of friction will be
introduced for experiments in rolling conditions similar to those in Chapter 5.
The coefficient of friction for lubricated and non lubricated rolling was
calculated to compare with the results in [75]. It should be pointed out that all the
input parameters for the calculation were acquired with the “secondary” oxide
scale area as illustrated in Figure 3.7.
7.3.1 Influence of hot rolling temperature on friction coefficient at various
reductions and rolling speeds †
(1) Influence of temperature at various reductions
Two lubrication conditions are considered. Figure 7.3 illustrates the effect of
rolling temperature on the coefficient of friction, rolling loads at various
reductions and at a certain speed when rolling was carried out without lubrication
and with oil provided by Quaker Chemicals Ltd., Australia. The original sample
surface was Ra=0.3μm.
In the cases without lubrication, as shown in Figures 7.3 (a)-(c), the rolling
temperatures ranged in 835-1029oC that were grouped into four series as 850,
900, 950 and 1025oC respectively. The nominal reductions were catalogued into
four groups at 7.5, 15, 25 and 35% that were controlled in 6.0-35%. Rolling speed
for the experiments in Figure 7.3 was 0.12m/s. The calculated roll torque in the
inverse calculation for each experiment was also depicted in Figure 7.3 (c).
†

The experimental data of rolling force and torque in this section were all from the first work roll

campaign and were published in the author’s work in [159].
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Figure 7.3 Effect of rolling temperature on friction coefficient and mill loads at various reduction. Rolling speed=0.10-0.12m/s
for the present study and 0.196m/s for Munther and Lenard’s [75]
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The coefficient of friction increases with increasing reduction and decreasing
temperature. From Figure 7.3 (a) and (d), it can be seen that friction coefficient
increases more rapidly as the temperature decreases without lubrication than with
lubrication, which is consistent with Robert [54].

However, the inverse

calculation shows that the coefficient of friction of the present study is smaller than
the published ones in [54, 161-162] where the speed is much higher for an
industrial hot mill or hot strip mill. In [54], Robert also reports that the friction
coefficient is 0.25-0.50 when the hot mill is cooled only by water, whilst the
friction coefficient decreases to 0.22-0.28 when a typical lubricant is applied when
hot rolling.
In Figure 7.3 (a), the results were compared with those of Munther and Lenard’s
[75] whose data were applicable to low carbon steel AISI 1018 in an
experimental hot mill. From Figure 7.3, it can be seen that the present friction
coefficient values are approximately 10-30% larger than those in Ref. [75]. In
this reference an FEM code was introduced to match the coefficient of friction
and Shida’s equation. The difference between the present results in Figure 7.3
and Munthor’s was that the hot rolling speed in the latter study was 0.2m/s while
it was about 0.12m/s in the present work. In the meantime, the sample surface
was controlled as a uniform “secondary” oxide scale layer about 57-65μm in the
present study while in [75] “the specimens were rolled with the scale on” after
they were preheated for 90mins at 1200oC. There should be a great deal of
difference in scale thickness between the present study and Munther and
Lenard’s, with the latter expected to be much thicker. The difference in rolling
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speeds and oxide scale thickness between the two sets of results may be
responsible for the difference in the friction coefficient.
For oil lubricating conditions, the rolling experiments were mentioned in section
3.4.3. Figure 7.3 (d) shows the influence of temperature on the friction coefficient
for various reductions. Generally, the coefficient of friction increases with
reduction. However, the effect of temperature on the friction coefficient was
modified by lubrication. Although it increases slightly when the temperature
decreases at each reduction, changes to the friction coefficient due to temperature
are insignificant. The heavier the reduction, the smaller the change will be. At
reductions of 35% and 43%, it seems that the friction coefficient changes slightly
when the entry temperature decreases from 1025 to 850oC. As a whole, the
friction coefficient for lubricated conditions is smaller than without lubricating.
The value of friction coefficient is between 0.16-0.17 when the reduction is 35%
for example, compared to 0.225-0.26 when no lubrication applied. This also
complies with other reductions.
As expected, the roll separating force (RSF) and torque increase when reduction
increases for all dry and lubricated conditions. This result is consistent with
previous studies [2, 75, 86, 103]. Data in these figures also indicates that the roll
separating force and torque fall when the rolling temperature increases because
the resistance to deformation of the metal falls as temperature increases.
According to the present study the effect of lubrication on the mill load is
significant. The effect of changes in scale thickness on friction with changes in
temperature will be discussed in a later section. As shown in Figure 7.3, oil
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lubrication makes rolling tests possible when the reduction is larger than 41%,
but it was very difficult when no lubrication was used. In most cases, reductions
of roll separating force and torque due to oil lubrication is in the range of
10-20%. Comparing Figure 7.3 (c) and (f), the effect of lubrication in reducing
mill loads is reduced at lower temperature. Although the largest difference
between the calculated values of roll torque and the measured ones turns out to be
about 10%, they are close in most cases. The results in Figure 7.3 (a) and Figure
7.3 (c) indicate that the calculated friction coefficient is reasonable.
(2) Influence of temperature at various rolling speed
Figure 7.4 and Figure 7.5, respectively, illustrate the effect of speed on friction
coefficient and loads when rolling was carried out at a certain reduction without
lubrication. The nominal rolling speeds are 0.12, 0.24, 0.48 and 0.72m/s that
were controlled in a range from 0.10-0.72m/s.
Speed and entry temperature play different roles in affecting friction for different
lubricating conditions. Figure 7.4 shows that values for the coefficient of friction
decrease with entry temperature when rolling was carried out without lubrication.
Rolling speed is another important factor on the friction coefficient. A higher the
rolling speed resulted in a smaller the friction coefficient. For example, the
friction coefficient changes from 0.16 to 0.14 at approximately 900oC when
rolling speed increases from 0.12m/s to 0.72m/s. The results from Munther and
Lenard [75] are also depicted in this figure. According to Figure 7.4, the friction
coefficient at 15% reduction and 0.196m/s speed from Munther and Lenard’s are
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quite close to that at 0.24m/s in the present study, indicating a reasonable
calculation result in the present study.

Without lubrication
0.32
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Ref. [75]: reduc.=10%, rolling speed=0.196m/s
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calculated from Ref. [75]: reduc.=15%, rolling speed=0.196m/s
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Figure 7.4 Effect of entry temperature on friction coefficient at various
rolling speeds without lubrication, comparing with [75]. Reduction of the
present study=15%.

The effect of rolling speed was found to be insignificant at each entry
temperatures ranging in 850-1025oC, with and without lubrication (Figure 7.5
(a)). Nevertheless, the roll torque increases slightly as the rolling speed increases,
under both conditions (see Figure 7.5(b)). The entry temperature affects the loads
for all speeds. As the entry temperature decreases, both the roll separating force
and torque increase. Oil lubrication reduces loads at all rolling temperatures and

189

Chapter 7 Friction in the roll bite under various hot rolling conditions

speeds, although this was found to be more prominent at lower entry
temperatures.
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Figure 7.5 Effect of entry temperature on mill load at rolling speeds from
0.12-0.72m/s at both dry and oil lubricating. (a) roll separating force; (b) roll
torque.
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7.3.2 Influence of lubrication conditions on friction coefficient at various
reductions and rolling speeds †
The effect of lubrication on friction was further examined with the other three
lubricants dry rolling at 900oC as well as the two modes in the previous section.
There are five lubrication conditions, dry lubrication, water, 1:200 and 1:100
oil/water emulsions, and pure oil. The effect of reduction was analyzed. Rolling
experiments with the five groups of lubricating conditions were the same as those
in Section 5.3.2.
Figure 7.6 displays the results of the effect of lubrication conditions on friction
coefficient and loads at different reductions. For all the samples, the surface
roughness before reheating was 0.30μm. Nominal rolling speed was 0.12m/s and
entry temperatures was 900oC.
From Figure 7.6 (a), there is little difference in the coefficient of friction between
water and the 1:200 oil/water mixed emulsion. The values of the friction
coefficient with no lubricant sit next to these two lubricants. For all reductions,
the friction coefficient under pure oil lubrication was smaller than those without
lubrication. The effect from the 1:100 oil/water mixed emulsion on friction
coefficient changed with reduction. At a reduction smaller than 27.5%, the
friction coefficient for 1:100 oil/water emulsions is among the values for water,
1:200 oil/water mixture and dry-lubrication. As reduction increases, its value
becomes smaller than these three cases. When heavy reduction was applied,

†

The experimental data of rolling force and torque in this section were all from the second work roll

campaign except for the oil-lubricating condition. See section 3.4.3.
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Figure 7.6 Effect of lubricating conditions on friction coefficient and milling
loads: Rolling speed=12m/s and entry temperatures= 900oC; (a) friction
coefficient; (b) roll separating force and (c) roll torque.
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Figure 7.7 Effect of lubrications on friction coefficient and mill loads at
various rolling speed: reduction=15.2%, temperature=900oC. (a) friction
coefficient; (b) Roll separating force and roll torque.

37.5% for example, the coefficient of friction of the 1:100 emulsion case
becomes even smaller than the oil lubricated condition.
The effect of lubrication in reducing milling loads is almost the same order as the
friction coefficient, which means that water has the least effect on roll torque
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according to the present study. The above results were similar to those of Shirizly
and Lenard [103], where the authors indicated the importance of lubricant
selection at heavy reduction. Nevertheless, the concentrations of oil/water
mixture play different roles between the present study and that in [103], where
the 1:1000 oil in water proved to be more effective in reducing mill loads than
the 1:500 [103]. In the present study, it seems that the larger the concentration,
the more effective the emulsion will be in reducing milling loads. Furthermore,
oil proves to be the most effective lubricant at low reductions and water is not a
good lubricant for reducing mill loads.
Increasing rolling speed brings about very limited reduction of friction
coefficient and only slight changes in mill loads with water, 1:100 oil/water
mixture and oil lubrication, as shown in Figure 7.7.
7.3.3 Effect of sample original surface roughness and work roll surface state
on friction coefficient and mill loads
The influence of surface roughness on friction in cold metal forming has
frequently been reported in the past few years [164-168], whilst it is seldom
reported in hot rolling. As discussed in section 2.5.1 and 6.4.2, the development
of oxide scale layers modifies the sample surface during preheating and exposure
to atmosphere during the rolling, which gives rise to a more complex
circumstance than in cold rolling. The interface between the tool and the work
piece is expected to involve the oxide scale and the work roll. Fresh hot metal
may be pushed through cracks in the oxide scale layer and come in contact with
the cold roll surface. On another hand the interface between the scale layer and
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the substrate is not totally smooth. In the present study, it has been found that the
state of the roll surface and the original surface roughness will affect friction
coefficient and mill loads in hot rolling.
Figure 7.8 and Figure 7.9 shows the sample’s original surface roughness on the
friction coefficient and mill loads without lubrication, which are from the second
work roll campaign. From Figure 7.8 (a) and (b), a significant difference exists in
the values of friction coefficient due to original sample surface roughness. Even
though the values of the coefficient of friction coefficient increase as reduction
increases (See Figure 7.8 (a)), the order in which the original surface roughness
affects the friction coefficient is unpredictable. However, the sensitivity of
friction coefficient to reduction seems to be larger for a ground surface, as can be
seen in Figure 7.8 (a). Friction on samples with as-supplied surface increases
moderately with reduction compared with the three sample groups that were
mechanically ground. The friction coefficient decreases with rolling speed but
this was insignificant on the samples with the as-supplied surfaces and the
0.30μm machined surfaces.
There is not much difference in roll separating force due to the original
difference in sample surface roughness. For all the samples originated from
different surface roughness and roll campaigns, values for the forces separating
the roll are close at low reductions smaller than 25%. At higher reductions, the
difference between the values of force increases among different original surface
roughness (See Figure 7.9 (a)). Roll torque increases with reduction for all
samples. Nevertheless, roll torque increases slightly with speed.
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The foregoing analysis suggests that the dependence of friction coefficient on
rolling parameters is related to the surface condition of the roll and original
sample surface roughness.

0.32

as-supplied surface
3.0μm surface
0.30μm surface
0.075μm surface

0.28

Friction coefficient

0.24

0.20

0.16

0.12

0.08
0

5

10

15

20

25

30

35

40

45

50

Reduction, (%)

(b)
0.32

as-supplied surface
3.0μm surface
0.075μm surface

0.28

Friction coefficient

0.24

0.20

0.16

0.12

0.08
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Rolling speed, m/s

Figure 7.8 Effect of sample original surface roughness on friction coefficient:
rolling speed=12m/s and entry temperature=900oC; (a) at various reductions, (b)
at various rolling speeds.
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Figure 7.9 Effect of sample original surface roughness on mill loads: rolling
speed=0.12m/s and entry temperature=900oC; (a) at various reductions, (b) at
various rolling speeds † .

7.4 Discussion
Many authors have presented formulae to calculate the coefficient of friction for
hot rolling of flat steel. Of all the results, a linear relationship is usually used to
†

Roll torque for 0.05-0.10/0.30-0.35μm sample at 46.6% reduction was unsuccessfully acquired during

the experiment.
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account for the influence of the rolling parameters. Robert [158] found that the
friction coefficient increases with temperature when he analyzed the data from a
2-high experimental rolling mill, an 84-inch hot strip mill, and a 132-inch hot
strip mill, i.e.:
μ = 2.7 × 10 −4 T − 0.08

(7.4)

where T is the temperature in oF. However, other researchers gained opposite
results from the effect of work piece temperature. Rowe [168] and Underwood
[169] presented a similar equation in describing the influence of temperature on
friction coefficient, as illustrated in the following equations:
μ = 0.84 − 0.0004T

(7.5)

μ = 1.05 − 0.0005T

(7.6)

where the temperature T (oC) is in excess of 700oC. According to Geleji’s work
quoted by Lenard [20], the friction coefficient was described as a linear function
of rolling speed and work piece temperature depending on work roll materials:
μ = 1.05 − 0.0005T − 0.056v

for steel rolls

(7.7)

μ = 0.94 − 0.0005T − 0.056v

for double poured and cast rolls

(7.8)

μ = 0.82 − 0.0005T − 0.056v

for ground rolls

(7.9)

where T is the work-piece temperature in oC and v the rolling velocity in m/s.
In the present study, the effect of the work piece entry temperature, rolling speed
and reduction were examined in individual cases, achieving consistent trends
with those illustrated in equations 7.5-7.9. The results are summarised in Figure
7.10 for ‘without lubrication’ and ‘with lubrication’, respectively, where the
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Figure 7.10 Friction coefficient as functions of hot rolling: (a) and (d) entry
temperature, (b) and (e) work roll circumferential velocity, (c) and (f) reduction;
(a)-(c) at without lubrication and (d)-(f) at oil-lubrication.
199

Chapter 7 Friction in the roll bite under various hot rolling conditions

work-piece entry temperature, work roll circumferential velocity and reduction
vary linearly with friction. From Figure 7.10, experiment points show some
scatter when considering the relationship between friction coefficient and entry
temperature or roll surface velocity. The fact is that each figure in Figure 7.10
involves many rolling parameters. For Figure 7.10 (b) and (e) as an example,
there are many testing points concentrated around 0.1m/s.
In the case of the thickness of the oxide scale it was found that “thin scale
promotes sliding friction with smooth rolls but sticking friction with rough rolls
[20].” Yu and Lenard [2] correlated their calculated friction coefficient and the
scale thickness and found a linear relationship between it and the scale thickness
after rolling (equation 2.6). However, at present it is not easy to find any
significant relationship between the coefficient of friction and the scale layer
thickness for ‘without lubrication’ and ‘with lubrication’. Figure 7.11 displays
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Figure 7.11 Friction coefficient as function of oxide scale layer thickness.
Entry temperature=835-1030oC; Reduction=6.2-44.2%; Speed=0.09-0.72m/s: (a)
without lubrication, (b) at oil-lubrication.
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the calculated value of the friction coefficient as function of oxide scale thickness
without lubrication and with oil lubrication.
The above analysis is to guide to simplify relationship between friction
coefficient and hot rolling parameters:
μ = a ×ε + b × v + c ×T + d ×ξ + e

(7.10)

where a, b, c, d , e are constants, ε the reduction (%), v the roll circumferential
velocity (m/s), T the roll entry temperature (oC) and ξ the scale thickness at
exit of roll bite (μm). The regression results are shown in Table 7.1. The ranges
for the parameters are in 6.2-44.2%, 0.09-0.72m/s, 835-1030oC and 14.7-45μm,
respectively.
From Table 7.1, it can be seen that reduction, roll circumferential velocity and
entry temperature, whose absolute values of t-ratio are larger than unity, exhibit
significant influence on the coefficient of friction [151]. However, the absolute
value t-ratio of parameter d is less than unity, indicating that scale thickness at
the exit of roll bite has an insignificant affect on the coefficient of friction. In fact,
the maximum influence of scale thickness on the friction coefficient is 0.0033
without lubrication and 0.0028 for lubrication respectively. Thus, the effect of
scale thickness on the coefficient of friction is negligible. Equations 7.11 and
7.12 are the friction coefficient without lubrication and with oil lubrication as
functions of the indicated rolling parameters, except for scale thickness at the roll
bite exit:
μ non−lub = 0.405 + 0.0047ε − 0.057v − 0.00033T

(7.11)
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Table 7.1 the regression results of the present study
Model: μ = a × ε + b × v + c × T + d × ξ + e

Model:

μ = a ×ε + b×v + c ×T + e

Non-lubricating
Variables

Values

t-ratio

Variables

Values

t-ratio

a

0.0047

8.50

a

0.0047

8.92

b

-0.056

-2.46

b

-0.057

-2.76

c

-0.00033

-5.28

c

-0.00033

-5.81

d

-7.25×10-5

-0.10

e

0.404

7.12

e

0.405

7.42

F ratio=29.85>F3, 23=9.35

F ratio=41.58>F3, 23=9.35

Oil-lubricating
Variables

Values

t-ratio

Variables

Values

t-ratio

a

0.0029

11.21

a

0.0028

15.11

b

-0.017

-1.04

b

-0.017

-1.11

c

-8.15 × 10-5

-3.02

c

-8.17×10-5

-3.10

d

-6.20 × 10-5

-0.18

e

0.136

4.44

e

0.138

5.41

F ratio=71.63>F3, 21=8.10

F ratio=100.10>F3, 21=8.10

μ oil −lub = 0.138 + 0.0028ε − 0.017v − 8.17 × 10 −5 T

(7.12)

Even though scale thickness is not included it is assumed that its effect may lie in
the temperature which significantly affects scale thickness. In the present model
the effects of work piece temperature and roll speed on friction coefficient are
quite close to Geleji’s [20], Rowe [168] and Underwood [169], as illustrated in
equations 7.5-7.9. Figure 7.12 illustrates the comparison between the inverse
calculated friction coefficient and the one predicted by the present models in
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equations 7.10 and 7.11. The data in Table 7.1 and Figure 7.12 shows that the
present models are reasonable. However, to get an accurate relationship between
friction coefficient and hot rolling parameters, further work should be done to
generate a large data base.
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Figure 7.12 Comparison between the inverse calculated friction coefficient
values and the predicted by the present models: (a) without lubrication, (b)
oil-lubrication.

7.5 Conclusion
In this chapter, the effect of hot rolling parameters on the friction coefficient was
studied by inverse calculation on the experimental roll loads. In carrying out the
calculation a flow stress model for the present test material was first obtained
experimentally. Hot rolling parameters, including reduction, roll speed, work
piece entry temperature and lubrication conditions, were investigated to
determine their effect on the coefficient of friction and mill loads. The influence
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of the original surface roughness of the sample and roll surface state were also
examined.
7.5.1 A flow stress model was successfully applied in the present study in
calculating friction coefficient. The model incorporates deformation temperature,
strain and strain rate and is expected to be feasible when the three parameters are
in the ranges from 820-1100oC, 0-0.65 and 0.5-12s-1.
σ = 158.44 × exp(−0.002352T ) × (1 + 1000ε ) 0.3695 × (1 + 1000ε ) 0.1097

7.5.2 The results of the friction coefficient for rolling without lubrication was
compared with those published which indicates that the calculation results were
reasonable.
7.5.3 Generally, the coefficient of friction, roll separating force and roll torque
increases with increasing rolling reduction increases and as decreasing
temperature without lubrication. With oil as lubricant, the influence of
temperature on the friction coefficient was found to be insignificant.
7.5.4 For all temperatures, the friction coefficient decreases as rolling speed
increases. However the temperature only has a slight influence on friction
coefficient at each rolling speed.
7.5.5 The effect of oil lubrication on reducing mill loads is significant. At lower
rolling temperature, lubrication reduces the mill loads more than at higher
temperature.
7.5.6 Since the increased rolling speeds result in increased strain rate, mill loads
increased slightly when the rolling speed increases.
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7.5.7 An examination on the effect of emulsified lubricant on the friction
coefficient and mill loads indicates the effectiveness of oil lubrication at
reductions less than 35%. At a higher reduction the 1:100 oil/water mixed
emulsion proves to be more effective.
7.5.8 The original sample surface roughness also has a significant influence on
the coefficient of friction. In the present study, it seems that the rougher the
original sample surface is the more sensitive reduction is to the coefficient of
friction.
7.5.9 Linear regression results of the friction coefficient as a function of various
rolling parameters generated the following empirical relations:

μ non − lub = 0.405 + 0.0047ε − 0.057v − 0.00033T
μoil −lub = 0.138 + 0.0028ε − 0.017v − 8.17 × 10−5 T
However, it has been found that the oxide scale layer thickness does not have a
significant influence on friction coefficient.
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8.1 Introduction
The present study has applied experimental methods to examine the
characteristics of oxide scale layers in the hot rolling of steel. Two steels
featuring different carbon, silicon, and aluminum compositions were involved,
and simulated oxidation and mild steel were used in the experiments.
Topographic features of the oxide scale surface, morphologies of the scale layers,
deformation characteristics and its effect on frictional phenomenon were
analyzed under various rolling conditions. AFM was used for the first time to
investigate the surface features of oxide scale. The carefully controlled rolling
procedure is expected to give a better understanding of the characteristics of
oxide scale in hot rolling.

8.2 General conclusions
8.2.1 Oxidation behavior of steels
(1) Surface features of the oxide scales
Oxidation on the surface of hot fresh steel occurs predominantly on top of high
peaks and then spreads along the slope of the original asperities of the surface. In
the early stages of oxidation, high peaks and low valleys are modified, with many
tiny sub-asperities. However, the roughness of the oxidized surface turns out to
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be coarser in most cases, which correlates with the variation of the skewness Rsk
vs oxidation time. During oxidation the amplitude of Rsk presents a decreasing
trend at 900ºC, 1000ºC and the early stage of 800ºC, but it is larger than the
corresponding value before oxidation.
A section analysis shows that the oxide scale has a similar surface texture to that
before, and up to 1.2s of oxidation. With a longer oxidation time the horizontal
distances of the asperities on the scale increases, simplifying the surface texture.
The particle size increases with time while its shape does not change
significantly.
Before oxidation the roughness exhibits primary, secondary, and tertiary
wavelengths but there is no clear secondary or tertiary wavelength afterwards.
Analysis of the density of the power spectrum indicates that in the 1D case the
dominant wavelength increases with time when oxidized at a given temperature.
There is also evidence that the dominant wavelength in the 2D case increases
with temperature.
(2) Kinetics of scale growth
The oxide scale grows quicker on the surface of low carbon steel than mild steel.
The lower carbon content and lack of silicon contributes to the difference. The
scale growth rate on the two surfaces obeys the parabolic rule. The thickness of
the scales for a virgin surface can be determined by the following equations:
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ξ mild = 844.45 × t ⋅ exp(

− 5638.27
) for mild steel when 0≤ t ≤160s,
T + 273

800≤ T ≤1000ºC

ξlcs 0 = 2948.46 × t ⋅ exp(

(8.1)

− 6290.26
) for
T + 273

low

0≤ t ≤20s, 800≤ T ≤1000ºC

carbon

steel

when
(8.2)

When the surface is initially covered with a layer of oxide scale, the growth of
steel is retarded. The growth rate on the black surface of the low carbon steel was
calculated to be:

ξlcs1 = 1.12 × 105 × t ⋅ exp(

− 11102.71
) + 20.95
T + 273

0≤ t ≤20s, 800≤ T ≤1000ºC

(8.3)

(3) Morphology of the oxide scales
Microscopic analysis combined with XRD analysis shows that the oxide scale on
the surface after any period longer than 0.6s contains three layers, hematite,
magnetite, and wustite. Due to a lack of silicon the scales on the low carbon steel
compact onto the steel substrates. In the meantime, blisters resulting from
oxidation stress were found on the surface of the mild steel. Magnetite thickness
was measured on the mild steel scale. Its ratio in the total scale depends on the
oxidation temperature and time.
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8.2.2 Characteristics of steel surface features after rolling
(1) The work roll surface change
Work roll surface roughness increases quickly in the first 20 passes, after which
the deterioration rate of declines. The surface roughness of the rolled steel
sample may be lower than the surface of the work roll.
(2) The preheated sample
The surface of the pre-heated steel sample before hot rolling has isotropic
characteristics no matter what the original surface roughness is, or whether
grinding marks exist.
(3) Isotropic feature of the hot rolled sample surface in micron scale
An examination of surface roughness was carried out on both top and bottom
surfaces of the samples and at directions parallel and transverse to the direction
of rolling. The close values of roughness at different positions on the same
sample confirm that it is reasonable to apply the roughness value parallel to the
rolling direction in order to represent the surface roughness.
(4) Effect of original sample surface roughness
Original surface roughness affects the hot rolled steel surface roughness only at a
low reduction of less than 36.5%. In this region the surface roughness decreases
as the original sample surface roughness decreases. The original surface
roughness has almost no influence on the skewness and kurtosis of the pickled
sample surface. Rolling speed exhibits little effect on the final product surface
roughness.
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(5) Effect of lubrication
Hot rolling with 5 different lubricating conditions proves that it has a significant
effect on roughness in the low reduction area. At heavy reductions larger than
31%, the effect of lubrication becomes rather complicated. It seems that adding
oil makes for a better surface profile.
(6) Effect of temperature
Temperature plays an important role on surface roughness. The lower the rolling
temperature the smaller its surface roughness will be.
A 2 dimensional power spectrum density analysis was carried out on a group of
samples for reductions of 41.5-44.02% and a speed of 0.12m/s. The result
indicates that higher spectrum density occurs at high temperatures where the
surface was dominated by a single wavelength. As rolling temperature decreases
the power spectrum decreases with a comparatively small primary wavelength
and along some subsidiary ones controlling the surface profile.
Simple regression of surface roughness as a function of rolling temperature and
reduction under oil lubrication generated the following relations:

R(ε , T ) = 4.84 − 0.13ε + 0.0016ε 2 − 5.36 exp(−T / 1000)
with ε

(8.4)

is the percentage reduction and T the absolute of deforming

temperature.
(7) Effect of reduction and rolling speed
When reduction increases, surface skewness decreases slightly, while kurtosis
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increases. The situation is significant in the large reduction region. In the speed
range 0.09-0.72m/s the affect of rolling speed on surface roughness was very
limited.
(8) Topography of the hot rolled steel surface
Hot rolled steel sample surfaces are characterized by ploughs parallel to the
rolling direction caused by contact between the surface and the work roll. Cracks
were also found on surfaces under each lubricating condition.
8.2.3 Behavior of oxide scale layers in hot rolling of steel
(1) Morphology of the oxide scale layers in hot rolling
The morphologies of the primary and secondary oxide scales are porous. The
average thickness of scale layers is 350-390μm and 55-65μm for primary and
secondary oxide scales respectively. XRD analysis confirmed that the preheated
secondary oxide scale is composed of FeO, Fe3O4 and Fe2O3.
(2) After-rolled scale thickness and reductions, rolling speeds, temperatures
and lubrications
In general, both primary and secondary oxide scale thickness decreases for all
samples with varying initial surface roughness as reduction decreases.
Lubrication plays an important role on reducing scale thickness, especially
secondary oxide scales.
It has been observed that a critical value of reduction between 22.5-27.5% exists
where the reduction on secondary oxide scale transitions at 1:200 with 1:100
oil/water mixture and oil lubrication. The scale thickness quickly reduces quickly
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this critical value and its effect is reduced above a critical value.
With dry lubrication, the higher the entry temperature is, the thicker the
deformed oxide scale, implying a smaller reduction of scale thickness at a higher
temperature. However, the entry temperature has the opposite effect with oil
lubrication; it has almost no affect on the speed at all when oil is applied.
(3) Deformation behavior of oxide scale layers
A significant difference in deformation was observed between the primary and
secondary scales. Under all rolling conditions the secondary oxide scales were
deformed more than the corresponding primary scales on the same sample, and in
turn the primary scale displayed more reductions than the steel substrates. The
thickness ratio for primary vs secondary oxide scales before rolling is from
5.9-6.3. This value becomes 6.6-15.3 after hot rolling deformation.
It is hypothesized that cracks develop on secondary oxide scales in three stages.
First the scale thickness would reduce due to deformation, and cracks start on top
of the scale surface in the weak areas. Second, frictional enlarges the cracks. On
the third stage, cracks may be filled by extrusion of substrate metal or enclosure
driven by friction.
It has been observed that secondary oxide scale is ductile and brittle. Lubrication
may change the deformation of the secondary oxide scales. In this study, 1:100
oil/water emulsions gives the best results in improving the deformation of scale
layers. However，correlation between the sample pickling surface roughness and
oxide scale thickness is insignificant.
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8.2.4 Friction
(1) Flow stress model
A flow stress model was successfully applied in the present study to calculate the
coefficient of friction:

σ = 158.44 × exp( −0.002352T ) × (1 + 1000ε ) 0.3695 × (1 + 1000ε ) 0.1097

(8.5)

where T , ε and ε are valid in the ranges 820-1100oC, 0-0.65 and 0.5-12s-1,
respectively.
(2)

Coefficient of friction, mill loads and hot rolling parameters

Generally, the friction coefficient, roll separating force, and roll torque increases
with rolling reduction and decrease in temperature, when rolling with and
without lubrication. However, the effect of temperature on the coefficient of
friction becomes less significant under oil lubrication. At all temperatures the
coefficient of friction decreases with speed. But the temperature has little
influence on the coefficient of friction at each rolling speed.
At a reduction <35%, oil lubrication significantly reduces the coefficient of
friction. At a higher reduction, the 1:100 oil/water mixed emulsion proves more
effective. At a lower rolling temperature lubrication decreases the mill loads
more than at a higher temperature. When roll speed increases mill loads display a
very limited increase.
The original sample surface roughness also has a significant effect on the
coefficient of friction. The rougher the original sample surface, the more
sensitive is this reduction.
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The oxide scale layer thickness does not have a significant influence on the
coefficient of friction.
Linear regression results of the coefficient of friction as a function of hot rolling
parameters describes the commitment of the parameters generated the following
relations:

μ non − lub = 0.405 + 0.0047ε − 0.057v − 0.00033T

(8.6)

μoil −lub = 0.138 + 0.0028ε − 0.017v − 8.17 × 10−5 T

(8.7)

8.3 Suggestion for future work
More steel grades, such as Nb, V, and/or Ti micro-alloyed high strength low
carbon steels, could be tested to study oxidation kinetics.
In order to better understand the interactive behavior between the work roll and
the hot steel work-piece, it is suggested that hot rolling experiments be carried
out with different roll surface roughness to simulate surface deterioration in a hot
strip mill. Variation of roll surface profiles is expected to have an influence on
the coefficient of friction. The friction characteristics of the scale surface and
pickled surface should be studied by AFM.
Further work on oil and emulsion lubrication experiment is suggested to make a
better understanding of the hydro-dynamic lubrication mechanism when using
pure oil as lubricant. In the meantime, a large data base on relationship between
friction and hot rolling parameters is needed obtain an accurate model in the
future.
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Oxide scale layers on the roll surface were not part of this present study.
However, the layer of scale on the surface of a roll is very important in
increasing our understanding of roll bite tribology.
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